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Abstract. This paper describes a novel robotic butler, developed by a multi-
disciplinary team of researchers. The robotic butler is capable of detecting and 
tracking human, recognize hand gestures, serving beverages and performs  
dialog conversation with guest about their interests and their preferences; and 
providing specific information on the facilities at Fusionopolis building and 
various technologies used by the robot. The robot employs an event driven  
dialogue management system (DMS) architecture, speech recognition, ultra 
wideband, vision understanding and radio frequency identification. All these 
components and agents that are integrated in the DMS architecture are modular 
and can be re-used by other applications. In this paper, we will first describe the 
design concept and the architecture of the robotic butler. Secondly, we will de-
scribe in detail the workings of the speech and vision technology as this paper 
mainly focuses on human-robot interaction aspects of the social robot. Lastly, 
this paper will highlight some key challenges that were faced during the imple-
mentation of speech and vision technology into the robot. 

Keywords: speech recognition, gesture recognition, robot and dialog manage-
ment system. 

1   Introduction 

Recently, research in social robotic has become prominent in the interactive robot 
development. Despite its importance, little progress has been made in interactive 
robot development due to the complicated process and intersection of research 
field such as robotics, human-robot interaction, signal processing and cognitive 
science. Numerous social robotics exist today, but to the best of our knowledge 
none of them offer a similar service to the one described in this paper. The service 
robotic system that offers the closest service might be Robovie [1]; a robot in-
tended to perform duties related to a museum guide capable of interacting with 
visitors via hand gestures and possesses the capability to recognize speech and 
RFID tags. Robovie was deployed in a science museum and guest commented that 
they face difficulty in conversing with the robot, which the author suggested the 
speech recognition engine employed was unable to work as expected in open envi-
ronment. The RFID tag wore by the visitors contain personal information such as 
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the name, age and birthday of the visitor. The RFID tag allows the robot to greet 
visitors by their name. Robovie was also deployed in a shopping area [2], where it 
uses passive-type RFID reader and floor sensors to provide robust tracking of  
people’s position. The uses of passive-type RFID and floor sensors create a sym-
biosis relationship where each technology’s capability compliments each other’s  
weaknesses.  

2   Hardware and Software Architecture of the Robotic Butler 

The hardware configuration of the robotic butler includes a Pioneer P3-DX™ mo-
bile base, a wheel based powered by DC motors with a differential drive that al-
lows 2 degree of freedom (X-Y). The mobile base is also equipped with bumper, 
ultrasound and laser sensors. The laser sensor is also used for path planning and 
environment mapping purposes. The navigation module is able to guide the robotic 
butler autonomously to reach the waypoint(s) safely and approach detected per-
sons. The aesthetic casing of the robotic butler was constructed using a carbon 
fiber composite. The tray on the robotic butler consists of LED lights that will light 
up when the pressure sensor detects a wine glass on it. The tray is also equipped 
with motion sensors to detect any intrusion into the tray area. Any intrusion de-
tected will cause the mobile base to stop moving immediately to prevent any pos-
sible collision. Radio frequency identification (RFID) reader was installed on the 
chest section of the robotic butler, which gives the best performance due to the 
ideal position to scan for RFID tags wore by the guests. Three Mini-ATX boards 
(Intel® Core ™2 Duo Processor 2GHz and 1GB DDR2 RAM) are installed to 
perform the required processing of speech recognition, vision understanding, 
RFID, navigation and machine control. To acquire auditory signals, a far-talk mi-
crophone array (Acoustic Magic, Voice Tracker™) is fixed on top of the robot’s 
head. The head section of the robot also holds a stereoscopic camera (Videre De-
sign, STOC-C) to capture live video feed needed by the vision understanding mod-
ule. AT&T Natural Voices voice pack (UK English - Charles) that runs on Micro-
soft SAPI 5.1 text-to-speech engine was installed in the robotic butler to allow the 
robot to speak. Meanwhile the Abacus speech recognition engine was integrated to 
allow the robotic butler to recognize user’s speech input. Each module (e.g. speech 
and vision) interacts directly to the central server through TCP/IP socket messages. 
The ultra wideband (UWB) reader is installed at the operating site and is connected 
to a PC that calculates the position of the UWB transmitter installed on the robotic 
butler’s head. The robot’s location is transmitted to the central server on the robot 
at every three seconds through wireless connection for autonomous navigation. In 
addition to that, based on the input/signals fired by each respective module, the 
central server determines the action to be performed. The central server is a script-
based dialog state machine, where the series of actions to be carried out is all writ-
ten in a script-like manner. This allows developers to change the parameters or the 
actions accordingly without the need to re-compile and software code.  
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Hardware Description 

Far-talk Microphone 
Array (Acoustic Magic) 

To acquire speech input to perform 
speech recognition process.  

Stereoscopic Camera 
(Videre Design) 

To track human and their gestures.  

Ultra-Wideband 
(UWB) Transmitter  

To transmit localization data to the 
UWB reader to perform real-time 
and accurate localization.  

Audio Speakers 
(LACie’s USB 
Speaker) 

Text-to-speech output to allow an 
interactive conversational dialog 
between the human and the robot.  

 

Radio Frequency  
Identification (RFID) 
reader 

To read the RFID tags worn by the 
guest.  

Fig. 1. The appearance of the robotic butler and hardware configuration 

3   Abacus Speech Recognition 

The Abacus is a multilingual, speaker-independent phonetic engine able to recognize 
continuous sentences or phrases. It supports both Large Vocabulary Continuous 
Speech Recognition (LVCSR) and Backus-Naur Form (BNF) grammar-based speech 
recognition. Developers can create dialogue grammars and vocabulary easily for ap-
plications through a set of Software Development Kit (SDK) Application Program-
ming Interface (API). The active vocabulary can be as large as 64000 words, which 
provides great flexibility for variety of multimedia or telephony applications. The 
speech recognizer is a frame-synchronous HMM-based recognizer, employing 3-state 
HMM to model context dependent tri-phones. Each of these states has a mixture of 16 
Gaussians. Abacus uses n-gram statistical language model to support LVCSR. In 
grammar mode, Abacus supports BNF grammar and VXML grammar definition. It 
allows the developers to build a dialogue context using simple grammar, such as word 
list, or complex one as in conversational speech. The result parser outputs n-best rec-
ognition results with semantic parsing results, word confidence score and time 
stamps, which provides great flexibility for application development. The Robotic 
Butler uses a grammar-based approach to perform speech recognition. The grammar 
consists of 1444 combinations of words/sentence (e.g. “Fusion World”, “I would like 
to know more about Fusion World”. Each dialogue session will use a common or a 
different grammar that consists of a set of possible words spoken by the user. Speech 
recognition result will be further evaluated for any possible keywords that invoke the 
robot to perform an action. If more than one keyword appears, the robot will clarify 
which actions to be taken. Through such approach, verbal commands spoken in any 
order/manner will be interpretable by the dialog manager to carry out a particular 
task. On top of the base model trained, an additional of 10,430 spoken utterances 
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equivalent to 372 minutes of speech utterance was recorded using the far-talk micro-
phone array and used to adapt the acoustic model. The voice activity detection algo-
rithm is based on signal-Noise spectral distance in multiple Mel-frequency bands. The 
algorithm is performed in short-term Fast-Fourier Transform (FFT) domain with a 
frame length of 32ms and frame shift of 8ms. The noisy Short-time Fast Fourier trans-
form (STFFT) spectrum is smoothed by moving average and then is transformed in 
specific Mel-frequency bands. The reference noise average levels in specific Mel-
frequency bands are first estimated during the first 0.25 second and later being up-
dated in non-speech frames. The decision of speech or noise for each frame is based 
on a logistic operation derived from its distances to the corresponding reference noise 
levels in that specific frequency bands.  

4   Dialog Management System 

The Dialog Management System (DMS) [3] is one of the key modules in the system 
configuration of social robot as speech technology provides intuitive, flexible, natural 
and inexpensive means of communication. In terms of interaction, spoken dialog is 
the prominent modality for the social robot. Despite the seamless integration with 
other modules, the dialog system must be responsive in humanoid manner and can be 
evolved based on the context and task domain. To address these needs on spoken 
dialog system, an event driven dialog system architecture is proposed. A template-
based cum rule-based language generation paradigm is proposed to render the  
 

 

 

Fig. 2. Architecture of dialog management platform 
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interaction. Three levels of error recovery strategy are employed to address different 
types of errors. The architecture of dialog management platform is shown in fig. 2. 
Functionally, the dialog management platform is comprised of script parser, state 
machine, language understanding, language generation and an event hub. The entire 
system structure is supported by a data management module, which manages the 
dialog task tree, domain/context database and keeps track the dialog history. The 
event hub stands in the centre of the whole system to manage different kinds of mes-
sages so that various modules and agents are able to cooperate and synchronize seam-
lessly to perform different functions as a social mobile robot. 

5   Human Detection and Gesture Recognition 

The tasks for vision module are the perception of humans around in the view and 
recognize the hand gesture of a person asking for service when the robot is moving 
around, as well as tracking the guest when approaching him to serve the drinks even 
in the crowded scenarios with temporal occlusions of the guest by other persons. 
Hence, the vision module has two main functions: (a) human detection and tracking; 
and (b) hand gesture recognition. In this system, a novel method for robust human 
detection and tracking from the mobile robot is developed and deployed. The method  
 

 

 
 

Fig. 3. Illumination of human detection and 
tracking 

Fig. 4. Illumination of hand gesture detec-
tion  
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integrates the stereo-based human detection, HOG-based human detection, color-
based tracking, and motion estimation under a Maximum-Likelihood based fusion 
framework, as illustrated in fig. 3. Our previous method of stereo-based human detec-
tion based on scale-adaptive filtering [4] is adopted in this system. It is improved by a 
MAP (Maximum A Posterior) based approach for human segmentation. An efficient 
strategy of perspective constrained human detection is proposed. Using HOG-based 
human detector, we can detect potential humans in the view with only 200 detection 
windows, compared with 200,000 detection windows required for conventional ap-
proaches. Our previous DCH (Dominant Color Histogram) based multiple person 
tracking algorithm [5] is adopted in this system. A novel Maximum-Likelihood based 
fusion framework is proposed and applied in this system to integrate the stereo-based 
human detection, HOG-based human detection, DCH-based human tracking, and 
motion estimation to achieve robust human detection and tracking in real-world  
environments. The human detection rate is increased to 94%, compared to 86% by 
state-of-the-art human detection methods, and the errors of tracking humans through 
complex occlusions is reduced to 1/4 compared with existing tracking methods on the 
evaluation data sets from real-world tests. The system is very robust to cluttered  
environments and crowded scenarios. Once a human is detected, the hand gesture 
recognition is performed. To be adaptive to humans of various distances to the robot, 
an innovative method to fuse the bottom-up hand segmentation and top-down body-
gesture recognition is developed, as illustrated in fig. 4. 

6   Deployment of Robotic Butler 

A total of six robotic butlers were developed for the event where three robots are 
deployed at the same time meanwhile the remaining three robots are stationed inside 
the control room. The control room was constructed to hold team members that are 
overseeing each robot. They are responsible for resolving issues such as system crash, 
network signal lost and electronic/mechanical malfunction. The team members inside 
the control room are also responsible for tele-operating the robotic butler back to the 
control room when the battery is low and deploy another robotic butler with fully 
charged batteries. Each robot is accompanied by a human assistant that is capable of 
introducing the robotic butler to the guest. The assistant is also responsible for the 
operation of each robot to prevent any mishaps. Each assistant also carry a Sony Vaio 
Micro PC that holds the interactive cue-card program that informs the possible ques-
tion/request that the robot is able to understand. The robotic butler is not dependant to 
the handheld micro-notebook. The purpose of having this interactive cue-card pro-
gram is to show the possible question/request that is recognizable by the robot. By 
doing so, this reduces the overall interaction time allowing more guests to interact 
with the robotic butler during the opening ceremony, which only lasted for 2 ½ hours. 
The interactive cue-card program is connected to the dialog management system 
through TCP/IP network protocol. Based on the state of the dialog, the interactive 
cue-card program will show the correct images and text that inform the guest the 
possible topics that the robot understands. A guest is able to get robot’s attention by 
waving their hands. Once the vision understanding module detects a human, the vi-
sion module sends a “wave detected” message and the central server will request the 
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vision module to acquire the coordinates and angle of the person who was waving. 
The coordinate received by the central server allows the navigation module to move 
to the correct location. The robot will stop in front of the guest based on the distance 
estimated by the human-tracking module using the stereoscopic camera. The robotic 
butler was programmed to stop one meter away from a human, a distance that most of 
the robotic butler team member found appropriate while interacting with the robot. 
Once it reaches the destination, the robot will start the speech dialog by checking the 
script in the dialog management system. Based on the script, appropriate speech will 
be generated by the text-to-speech module. Next, the guest will have to speak the 
verbal command, which will be recorded by the far-talk microphone array and speech 
processing process will be executed. Based on the speech recognition result, the dia-
log management system will then check the required state/signal that it needs to 
transmit to the central server. The central server will then inform the related module 
to perform the actions accordingly. During the speech interaction mode, the robotic 
butler utilizes the laser sensor to detect the presence of the guest within the operating 
vicinity. This is achieved by detecting whether there is an obstacle, in this case a per-
son’s leg within an area of 15 degrees, the frontal position of the robotic butler. If the 
laser sensor detected no obstacles, the central server will send a signal to the speech 
module to end the conversation and the robot will resume moving around the area to 
scan for possible waving gesture.  

7   Issues Faced during the Development and Deployment of the 
Robotic Butler 

7.1   Batteries for the Microphone and Audio Speaker 

When the far-talk microphone array was installed onto the robotic butler, the audio 
recorded by the microphone consist an audible static noise. Further exploration into 
this problem pinpointed to the central battery system that is found that the voltage is 
“noisy”. As the audio speaker was drawing power from the same battery system, a 
soft humming sound can also be heard when no audio is being played. To address this 
issue, a lithium ion battery pack was purchased to supply power to the microphone 
and the speaker. 

7.2   Interference Generated by the RFID Reader 

In the early design of the robotic butler, RFID was intended for two purposes. To 
identify the guest using RFID and to detect the guest is still in front of the robot. Pre-
liminary testing on the robotic butler has shown the whenever the RFID is in scanning 
mode, the audio equipments will output/record a beeping sound. Such interference 
susceptibly affects the performance of the speech recognition and the speech dialog. 
Though the interference was reduced using shielded cable and aluminum foil, the 
microphone and audio speaker was still affected. Hence the use of RFID to detect 
user’s presence was replaced with the use of laser sensor to track the guest’s leg as 
described in section 6.  
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7.3   Design of the Head Section 

During the implementation stage of the microphone array onto the robotic butler, the 
team faces challenges of sound reverberation within the robotic head, which greatly 
affect the performance of the speech recognition engine. To address this issue, the 
internal section of the robotic head was wrapped with sound proofing material and the 
placement of the microphone was moved closer to the mesh surface of the robotic 
head. 

7.4   Speed of the Robot Affecting Vision Understanding Module 

Based on the testing of the mobile base with a speed of 0.5 meter per second, such 
movement speed affects the performance on the human detection and gesture recogni-
tion. The speed of the mobile base was tested and it was found that 0.2 meter per 
second was acceptable.  

7.5   Data Storage 

The use of the compact flash (CF) card as hard disk for speech processing and vision 
understanding was found to be unacceptable due to speed and reliability issues. To 
address this issue, the CF card was then replaced by Integrated Drive Electronics 
(IDE) hard disk for notebook.  

8   Discussions 

Unlike Robovie as reported in [2], the robotic butler is able to detect a guest’s intention 
to interact with the robot through a simple wave from a distance. During the opening 
ceremony event, such action was found to be acceptable and guests imply that such 
method is similar to how human get other’s attention. However as the robot is turning 
to reach the next waypoint, there are incident where the guest waving but the robot’s 
camera is out of sight. Some of the guest thought the robot is ignoring them. The per-
formance of the speech recognition was found to be acceptable and the guests were 
surprised that the robot is capable of recognizing their request, which was spoken in a 
full sentence (E.g. Tell me more about Fusion World). An experiment of several 
speakers requesting the robot to explain certain facilities in Fusionopolis using a spo-
ken English sentence shows the Abacus speech recognition system is able to achieve a 
correct alarm rate of 82%. During the event, it was also found that the guest is skeptical 
about holding the interactive cue-card. The reason was unknown but we suspect they 
are afraid of dropping the equipment. During the interaction, the guest relies on human 
assistant to explain on how to interact with the robot. During the event, it can be ob-
served that some of the guests have difficulty hearing what the robot is trying to say 
due to the noisy background noise even though the speaker volume was set to the high-
est. The use of the RFID to obtain guest’s details also increase the interactivity of the 
dialog and the guest are impressed that the robotic butler is able to greet them by their 
names, able to play their favorite music and talk about their favorite actor, movie, 
sports team and player. While developing the robotic butler, it is found that a prelimi-
nary study to determine the hardware (e.g. microphone, audio interface, camera and 
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sensors) to be integrated onto the robot should be carried out early in the project. This 
allows the researchers/engineers and product designer to have a common understand-
ing of the hardware/software requirements (E.g. position and the dimension of the 
camera and far-talk microphone array). At the end of this study, the product designer 
will have the sufficient information to design a robot within the requirements set upon 
by the hardware/software. Meanwhile the researchers/engineers will have to work 
using the resources as discussed. In addition to the challenges faced by the robotic 
butler as discussed in section 7, they are other issue that a robotic platform using 
speech recognition should take note of. During the event, there are occurrences where 
the robot is waiting for speech input from the guest however he/she might be talking to 
someone else instead to the robot. In such scenario, the voice activity detection will 
detect a speech but it was unable to determine whether the speech it heard is intended 
to the robot or to someone else. The inability to determine the recipient of the speech 
input will cause the robot to response even though the speech was not intended to the 
robot. Future work will include devising a solution that combines speech processing 
and vision understanding to perform attention-directed speech dialog that intends to 
address this issue. The combination of vision and speech can also further enhance the 
speech input. For example the work carried out by [6] integrates vision and speech to 
provide a robot the ability to find a speaker, tracking the speaker’s face and focus its 
attention to the speaker who is talking to it and by doing so they are able to purify the 
speech signal. Though it is possible to place various sensors in the environment to 
acquire various data to improve the robot’s capability and efficiency (e.g. [7]), the 
social robotic research team in Institute for Infocomm Research is concentrating their 
effort to develop robotic platforms that is employs only sensors, which it carries. Such 
effort removes the need to integrate various sensors (camera, microphone and pressure 
sensors) in the environment, user’s privacy is not intruded all the time and the robot 
possesses characteristics/capabilities that depict a real human being.  

9   Conclusions 

We have developed an interactive robotic butler that employs various technologies 
such as speech recognition, gesture recognition, Radio Frequency Identification 
(RFID) and ultra-wideband (UWB). The robotic butler was successfully deployed in 
the Fusionopolis Opening Ceremony and the use of gesture recognition and speech 
recognition for human-robot interaction received positive remarks from the guests. 

10   Future Work 

We are currently developing a far-talk microphone array using a series of small mi-
crophones that can be placed impose fewer constraints (E.g. can be placed on a sur-
face with curvature). The development of such far-talk microphone array system also 
allows the team to have full control over the microphone to perform various signal-
processing processes such as speech enhancement and voice activity detection. The 
team is also working on sound localization and vision-based technology to detect 
human’s gaze attention and lip movement that allows the robot to perform attention-
directed speech dialog.  
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