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Executive Summary 

The main objective of the Crowdbot project is safe navigation of mobile robots in a dense 

human crowd environment. Both terms “safe” and “navigation” carry equal weight in achieving 

milestones and the overall success of the project. Sensors play a critical role for both safe operation 

and intelligent navigation of Crowdbot robots. 

This report provides extensive technical and operational details of sensors used in two 

Crowdbot robots: Pepper the humanoid robot and the smart wheelchair prototype. Note, however, 

that our proposed sensor technologies can be readily adapted and replicated among other robots 

as well. As part of our technology transfer objective, a variety of descriptors (figures, tables and text 

summary) are used in this report to convey sensor information such that other robotic platforms 

external to the Crowdbot project can realize safe and intelligent navigation outcomes using the 

same or similar type of sensor modules outlined here.  

Crowdbot sensors are introduced and specified in three steps: 

1. Sensor State-of-the-Art: As background material, we cover various electronic sensor 

options available in the current marketplace for 2- and 3-dimensional (2D & 3D) vision 

perception, proximity and range measurements and for detecting contact or collision. 

We also briefly describe operational roles of other navigation aids such as inertial, 

motor control and system monitoring sensor modules. A technical guide on the state-

of-the-art in 3D vision technologies is included since 3D object recognition is a critical 

feature in enhancing a robot’s intelligence for safe and intelligent navigation. 

2. Crowdbot Sensor Details: All sensors embedded or mounted on Crowdbot robots are 

described in detail. This includes sensor description, model number, technical data, 

placement information and operational scenario.  

3. Sensor Evolution Plans: Crowdbot robotic tests are planned to be executed in two 

phases. In the first phase, Crowdbot robots are tested with current (embedded) and 

augmented (add-on) sensors. Based on test results and knowledge gained, it is 

anticipated that 2nd phase tests will undergo a sensor suite overhaul where certain 

sensors are replaced and others are augmented with additional modules. In this report, 

we also provide a roadmap for such sensor augmentation options.  

Finally, we address the topic of Cost, Size, Weight and Power (C-SWaP) constraints in sensor 

selection. Using two examples, we describe how the same navigation objective can be achieved 

using two different sensor suites, with one option costing more than the other in total monetary 

value, size, power consumption or computational complexity ─an important implementation issue 

and design trade-off in realizing Crowdbot sensing and navigation technology for practical use.  

1. Robotic Sensor Overview 

Sensors are critical components of a robotic system in enabling its perception, intelligence, 

mobility and even human-like behavioral capabilities. Robots come in many shapes, sizes and 

features, and are equipped with specific types of sensors to carry out their assigned tasks or goals. 

For example, a social robot that interacts with humans is equipped with vision sensors to makes 

sense of its environment such its proximity to humans nearby and recognition of human facial 
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expressions and gestures, etc. On the other hand, an industrial robot for welding and assembly at 

an automotive car manufacturing plant is equipped with high-precision sensors for its own body 

movements and for pinpointing welding targets with sub-millimeter accuracy. Several types of 

robots with different sensor compositions are shown in Figure 1: (a) industrial automation robots, 

(b) a delivery service robot, (c) a socially interactive robot and (d) a manual-labor service robot. 

 

        

Figure 1: Different types of robots with a variety of sensors embedded or attached to suit their tasks 

 

(a) Automotive assembly robots by ABB, Switzerland with high-precision sensors for joint movements and 

optical vision for target location [1]. 

(b) The TUG service robot by Atheon is used in hospital setting for delivery of medicine and hospital 

equipment. TUG is equipped with a camera, ultrasonic and LiDAR scanning sensors for navigation [2, 3]. 

(c) The humanoid Pepper robot by SoftBank Robotics interacting with school children in Singapore. Pepper is 

equipped with audio communication devices for speech exchange and other sensors for head and limb 

movements for an expressive and engaging behavior [4, 5]. 

(d) The DRC Hubo robot by KAIST is a humanoid with limb dexterity similar to humans for walking, climbing 

and arm/hand manipulation. For precise limb movement, the Hubo uses a motor control sensor to monitor 

the angular position and rotational speed of each joint. [6]. 
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This report provides a summary of Crowdbot robotic sensors for safe navigation in a dense 

human crowd environment. The word “navigation” implies robot movement from a starting 

position until it reaches its target finish point. It also means that the robot must be capable of self-

localizing its current position and have the ability to map its surroundings for its next move. Since 

safety is an integral part of Crowdbot navigation, it must be capable of avoiding collisions with 

humans and material objects. When it does touch or collide with a human or object, it must be able 

to detect this occurrence. Furthermore, the robot must move at a pace (in terms of speed and 

acceleration) that conforms to its environment and ongoing human traffic flow. This report is 

organized as follows:  

Section 2 lists a variety of sensors that are commonly used in mobile robot navigation. The goal 

here is to familiarize the reader with available sensor options before we describe specific types and 

models used in Crowdbot robots.  

Section 3 gives a fairly thorough treatment of RGBD (red-green-blue, depth) sensor technology 

options. Recent advances in this technology area have pushed the sensing capability of robots to 

the next level. Since there is still room for further enhancements to RGBD sensors and their 

economies-of-scale per-unit cost reduction, we highlight several RGBD options that may be 

adopted in future robot platforms ─including those of Crowdbot in 2nd phase tests.   

Section 4 covers the topic of C-SWaP (Cost, Size, Weight and Power) constraints in robotic 

sensor selection process. We provide examples to demonstrate potential difference in sensor 

performance outcomes when two different C-SWaP constraints are imposed.  

Finally in Section 5, we provide technical details of all sensors used in Crowdbot robots 

─specifically, the Pepper robot by Softbank Robotics [5] and the smart wheelchair by University 

College, London [23].  Certain sensors are embedded (integrated into current baseline model) while 

other sensors are attached (augmented beyond the baseline for improved accuracy or increased 

richness in sensing capability). Also included are three sub-sections: Sensor Technology Transfer for 

replication in another robotic system and a brief synopsis of RGBD and other sensor augmentation 

options in Crowdbot robots for improved perception and navigation. 

2. Sensor Categories 

This section serves as background material where we list a variety of sensors that are commonly 

used for mobile robot navigation purposes. Sensors are grouped in terms of navigation role or 

purpose categorization (e.g. distance measuring versus optical color vision) instead of technology 

(e.g. electro-optical pulse versus ultrasonic wave). Comparative analysis of different sensing 

technologies is outside the scope of this report. Here, the main purpose is to familiarize the reader 

with various sensor options available in each purpose or usage category. Hence, contents in this 

section serve as self-contained, pre-requisite information before we describe technical details of 

Crowdbot robot sensors in Section 4. 

First, we describe a system-level description that is applicable to all sensor devices. As 

illustrated in Figure 2, a sensor is an electronic module that includes 1) a sensing component, 2) an 

information processing component and 3) possibly, a sensor-stimulating component. The emitter-

detector pair in Figure 2 can be mounted on a robot side-by-side or top-and-bottom. 
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Figure 2: System-level description of an electronic sensor module 

For passive sensor devices such as a camera, hygrometer or thermometer, there is no 

stimulating component since the environment (e.g. sunlight reflected from objects) serves as the 

stimulant. In active sensors such as laser, radar and ultrasonic transducers, the sensor-stimulating 

component is a light pulse or wave generating source. Based on these definitions, a camera with a 

flash light bulb is an active sensor device.  

Several terminologies are used for the stimulating-sensing component pair. They are light 

source and photodetector, actuator and sensor, emitter and detector, transmitter and receiver, etc. 

In this report, we will consistently use the terms source and sensor. 

Regardless of the sensor type (active or passive), the resulting sensor-detected intensity (e.g. 

light, heat or pressure) must be scaled and converted to a range of values that is machine-

readable. This task is handled by the information processing component. Information is available in 

either analog (real-valued) or digital (k-bit resolution, where k is device-dependent) output 

formats.  

Once powered, sensors operate in continuous or triggered mode. In continuous mode, the 

output (analog or digital) is generated continuously or periodically whereas in triggered mode, the 

output is generated on demand when the sensor is triggered via external control. The most well-

known external trigger is the shutter release button on a smartphone or a digital camera when a 

picture is taken.  

2.1  Range-Finding 

As the name suggests, range-finders (RF) are active sensor devices that measure the distance or 

range from the sensor location to distant objects in the direction of light or wave propagation. The 

source generates a pulse or continuous wave and the time it takes for reception of its echo or 

reflection at the sensor is used to estimate the distance to the reflecting object. This is the “Time-

of-Flight” (ToF) method for ranging. The most dominant technologies for the source are ultrasonic 

(US), Infra-Red (IR) and focused light (laser). Sharp [26] manufactures non-ToF, distance-measuring 

IR sensors that use a position-sensitive detector for angle-of-arrival measurement of reflected light. 

All Crowdbot robots use at least one type of the following range-finding sensors. 

Three types of range-finding sensors exist: 

 1D (one-dimensional): Commonly known as point (for laser) or blob (for ultrasound) 

range finder, it is used as a short-range distance sensor for proximity and collision 

avoidance in a robotic system. Compared to their 2D and 3D counterparts, they are 
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attractive due to their small form factor and low unit cost, and thus can be inserted or 

attached to arbitrary locations of a robot body frame.  

 2D (two-dimensional): Commonly known as “spinning” or rotating sensors, they extend 

1D range-finding to two dimensions by mounting the sensor device or a mirror on a 

motorized rotating platform. Most popular 2D 360° scanning RFs are shown in Figure 3. 

                    

Figure 3: 2D laser-scanning, planar, range-finding sensor devices  

(a) Sweep 2D LiDAR by Scanse [11]; source and sensor are side-by-side 

(b) RP 2D LiDAR by Slamtech [10]; source and sensor are side-by-side 

(c) 2D LiDAR by Hokuyo [12]; source and sensor are top-and-bottom 

 

 3D (three-dimensional): Commonly known as the “spinning and nodding” sensor, a 

tilting feature (rotating as well as pivoting up and down) is added to a 2D-scanning 

range-finder to generate a 3D point cloud. Since the one-sided tilt angle is less than 90 

degrees, the point cloud is not spherical but rather of donut-shaped (i.e. a torus or a 

ring with a volume). Several popular models are shown in Figure 4. These are commonly 

used in driverless cars but the new model from Panasonic is targeted for robotic 

navigation due to its wide nodding (vertical field-of-view) angle. 

             

Figure 4: 3D point cloud LiDAR range-finding sensor devices  

(a) Panasonic’s fixed sensor, dual-mirror rotation mechanism for 3D sweep [7] 

(b) Velodyne 3D LiDAR, a popular model for driverless cars [9] 

(c) Hesai 3D LiDAR, another popular model for driverless cars [8]  
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2.2  Contact & Proximity 

Proximity sensors are used by a robot to detect humans and material objects (i.e. obstacles) in its 

immediate vicinity (typically < 1 meter). A number of technology options exist for proximity 

sensing: 

 Range-finding sensor with a fixed distance trigger 

o The information processing unit is configured to generate a logic output of 0 or 

1 based on range information being less than or greater than a predefined 

value. 

 Capacitive (electric field) and Inductive (magnetic field) proximity sensor 

o This is a non-touching, near-field sensor used to detect short-range objects.  

In the limiting case of zero separation between the sensor and an obstacle, contact is felt as touch, 

pressure or force. A number of options exist for contact sensing: 

 Resistive or capacitive touch sensor 

o Well-known technology used in touchpads and tablet/smartphone screens 

 Electro-mechanical (click) sensor 

o Mechanical contact induced electrical/electronic switch 

 Pressure-sensitive sensor 

o Commonly attached to a deformable material such that any pressure exertion on 

the material causes a change in sensor output value 

 Force-sensitive sensor 

o Commonly used along with thin-film technology to detect force action over a 

large surface area; can be used as-is to detect force or weight exertion 

Usage difference between a proximity and a contact sensor is clear: the former is used for collision 

avoidance while the latter is engaged after the occurrence with collision or contact with humans. 

2.3  Camera Vision 

A digital camera is an electronic device composed of a lens assembly, a vision area sensor, a 

wavelength filter, an image signal processor, an application processor, a control unit and possibly a 

storage unit (see Figure 5).  

Vision sensing can be Primary Color (PC), Grayscale Black-and-White (BW), Infra-Red (IR), Near-

Infra-Red (NIR), Ultra-Violet (UV) and so on. The Primary-Color vision (or PC-vision) sensor is 

commonly known as an RGB sensor since Red, Green and Blue are one set of primary colors to 

generate a white light. The sensor itself only detects light intensity. An RGB-grid (wavelength) filter 

is used to selectively detect an R, G or B color in each pixel. Likewise, if the pixels are tuned to 

detect IR light, then the area sensor is known as an IR-vision sensor. As we shall see in Section 3.2, 

an IR-vision area sensor is at the heart of depth imaging. 

2.4  Depth Imaging 

Technical details of depth imaging options are elaborated in Section 3. In this section our goal is to 

clarify both technical and operational differences between range-finding and depth-imaging 

sensors. As noted in Section 2.3, the depth imaging approach relies on sensing via a 
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rectangular/square area sensor plate. Its field of view (FoV) is a rectangular or square area. In 

range-finding, the field of view is radial and circular (in 2D) and a donut-shaped volume (in 3D). 

Due to its spinning action, the horizontal field of view (H-FoV) can be 360°. Such wide-angle FoV 

cannot be achieved with a vision area sensor. On the other hand, a vision sensor (especially with a 

global shutter) captures light information concurrently from all distant objects whereas the range-

finder captures light information sequentially one at a time as it rotates. Hence, range-finders are 

ideal for mapping and identification of static objects since they have large detection ranges 

whereas depth imaging is suitable for recognizing 3D objects and for joint perception with color 

vision data. A number of options exists for integrating PC-vision (color image) and depth data as 

detailed in Section 3.3.  

Figure 5: Components of a digital camera 

(a) Digital camera internal components, (b) Two types of wavelength filters used in a camera  

2.5  Inertia, Navigation & Motor Control 

A number of non-ranging, non-vision sensors are used in a robot for balance control, motion 

sensing and navigation purposes. They are  

 Gyroscope for balance/equilibrium and attitude control 

 Accelerometer for translational motion sensing 

 Odometer for rotational speed sensing 

 Compass for directional heading  

 Optical and magnetic (Hall-Effect) encoders for sensing the rotational position and speed of 

a motor or robotic part such as the head or limbs 

Each (IN & MC) sensor can be dedicated for a specific navigation purpose and used in a stand-

alone mode but in practice a combination of them are used in tandem to address a specific 

navigation problem. We provide several examples below pertaining to Crowdbot robots:  

 Detecting inclination, fall or push/pull: A robot may stand or rest at an angle due to a 

slanted floor or a fall. It is known that motorized wheelchairs typically cannot maneuver 
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over an inclined surface greater than 7°.  Likewise, a wheeled humanoid robot can tip and 

fall if its base inclines beyond the maximum allowed angle due to being pushed or pulled 

or a collision with obstacles.  

 Incremental motion: When navigating in a dense crowd, a robot is likely to exhibit three 

types of motion behaviors: 1) stop and then go, 2) go and then stop and 3) a short roll or 

nudge. Behavior 3 occurs when minute adjustments are made to a robot’s position after 

contact or collision with an object. For short-distance maneuvers, vision and range-finding 

sensors alone may not provide the required range resolution and accuracy.   

 Malfunction detection: Several kinds of navigation malfunctions can occur. For example, 1) 

the wheels are spinning but the robot is not moving or its opposite or 2) the robot thinks it 

is moving in the right direction but its heading is in error. 

2.6  System Monitoring 

Beyond the sensors listed in Sections 2.1 ─ 2.5, a robotic system is equipped with other sensors 

that aid in navigation tasks. These are  

 Thermal (heat) sensor for temperature sensing of certain electrical and electronic 

components and physical environment (certain RF sensors are temperature dependent) 

 Motor current sensor for abnormal over- and under-current draw during actuation 

 Battery voltage sensor for monitoring safe operational DC voltage level 

Such sensors are embedded and unique to each robot and we will use their capabilities as-is. 

2.7  Other Navigation Devices 

The following are non-sensing devices that aid in navigation. They are noted here for completeness 

of robotic navigation design but will not be elaborated further.  

 GPS receiver: Satellite-signal based navigation for outdoor environments  

 Indoor Localization (IL): GPS alternative for indoor environments 

 Human-Machine Interfacing & Interaction (HMI): Commonly known as shared-control 

navigation, first-person (video) viewing and remote control piloting 

 Two-Way Communication: A necessary wireless technology for IL and HMI 

3. RGBD Technologies 

RGBD (Red, Green, Blue and Depth) is an acronym used to describe a sensor device with both 

Primary Color (PC) vision and IR vision depth sensing capabilities while achieving identical or 

roughly equivalent field of view. As we shall elaborate in this section, there are three competing 

RGBD technologies ─specifically for depth sensing─ with similar price points: 

1. Scattered Light Pattern Analysis 

2. Time-of-Flight Light Pulse Delay Analysis 

3. Different Perspective (Angle-of-View) Light Intensity Analysis 

All use an array of photodiodes (developed via CMOS area substrate technology) for light sensing 

but each uses a different kind of light source and an information processor. All three options use 
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PC or IR light source. Depth/range sensing based on a laser light source is already available for 

satellite and aerial 3D mapping but at present, this technology is cost prohibitive for robotic 

applications. Among the options listed, one does not stand out against the other two in terms of a 

combined measure of features, accuracy, cost and data processing complexity. However, for a 

specific navigation purpose, one option does have an advantage over the other two when all other 

factors and constraints are ignored. See Section 5 for RGBD details of Crowdbot robots. 

3.1  Stereo Vision 

As the name suggests, stereo vision uses two or more optical vision sensor cameras to derive 

depth image via post-processing of 2D images. Either grayscale, primary-color (PC) or Infra-Red 

(IR) vision cameras can be used. The stereo vision output consists of both 2D vision and depth 

images. The position of one of the two sensors is referenced as the zero-distance origin. Figure 6a 

and 6b show two types of stereo-vision depth sensor modules. The ZED camera in Figure 6a uses 

two identical PC-vision sensor cameras to generated stereo-vision depth data. In Figure 6b, Intel’s 

RealSense module uses two identical IR-vision sensors, along with a light source, to generate depth 

data. A separate PC-vision camera (side-by-side layout) is used to generate 2D color images. 

Further details of IR-vision sensors are provided in Section 3.2. 

            

Figure 6: Stereo-Vision, Depth and RGBD Sensors  

(a) ZED stereo-vision depth sensor (using dual PC vision cameras) [15] 

(b) Intel RealSense RGBD sensor suite: Stereo-vision depth sensor (using dual IR vision cameras), light 

source and PC vision camera [20] 

(c) PMD Technologies Depth-only sensor with light source [13] 

(d) Asus RGBD sensor suite: IR depth sensor, light source and PC vision camera [22] 

 

3.2  Depth Sensor 

As shown in Figure 6, there are two different light technologies for depth sensing:  

1) Stereo-vision depth via (at least) two PC/BW-vision sensor cameras. In this option, depth 

information is derived after post-processing of color or grayscale images captured from two 

or more different angles. Note that this is a passive sensor and thus requires ambient light. 

2) In the IR-vision depth sensing, a single IR-vision sensor and a light source are used. Two 

options exist for the light source and depth perception: 

a. Structured Light Projection (LP): this option uses dot-matrix IR light projection. 
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b. Time-of-Flight (ToF): this option uses modulated pulses to measure phase difference 

between transmit and receive signals. 

Intel’s recently introduced RealSense depth sensors (Figure 6b) are a combination of 1) and 2) in 

which two IR-vision sensors plus a light source are used for stereo-vision and structured light 

based depth perception. IR-vision sensor devices are active; they can operate in low or no ambient 

light condition. 

3.3  RGB + Depth Sensor Combination 

When the acronym “RGBD” is used in the technical literature, it is referring to a sensor module that 

generates both color vision and depth information with identical or overlapping field of views. Five 

possible setups exist for RGBD realization (see Figure 7). They are: 

1. A single PC-vision sensor is set side-by-side with a depth-only IR sensor (Figure 6d) 

2. Two optical PC-vision sensors are set side-by-side (Figure 6a) 

3. A single IR-vision sensor is used for both gray-scale and depth information (Figure 6c) 

4. a single PC-vision sensor and two IR-vision sensors for depth information (Figure 6b) 

5. A single sensor with PC-IR vision multiplex for color and depth information (Section 3.4) 

               

Figure 7: RGBD options  

PC = Primary Color, IR = Infra-Red, S = Light Source 

Option 3 is not really RGBD but rather BWD (Black-and-White grayscale and depth). Among the 

five options, only the stereo-vision and PC-IR multiplex options (2 and 5) provide identical field-of-

view (same lens) images for both primary color and depth information. 

                    

      Figure 8: Multiplexing of Primary Color (PC) and Infra-Red (IR) Pixels in an RGBD sensor 

(a) Row Interleave (b) Row-Column Interleave (c) Pixel Interleave 
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3.4  Multiplexed RGBD Sensor 

In the PC-IR multiplexed area sensor, pixels for primary color vision and depth information are 

interleaved. This solution is offered by OmniVision Technologies [19]. PC and IR pixels are either 

row interleaved (Figure 8a) or both row and column interleaved (Figure 8b) using a perforated RGB 

grid mask filter. The wavelength filter mask used by OmniVision is an RGB-IR quad (i.e. pixel 

interleave) as shown in Figure 8c. One benefit of PC-IR sensing is its identical field-of-view (same 

lens) light capture property since both PC and IR pixels reside on the same vision sensor plate. 

However, since each pixel collects either PC or IR data but not both, pixel data interpolation is 

required for both PC and IR images. Two options exist for a PC-IR sensor module: with and without 

a dedicated PC-vision sensor. Both options are shown in Figure 9. 

             

    Figure 9: PC-IR sensor module options for integrated depth & color data collection  

3.5  Mismatch in RGB and Depth Data Size and Rate  

One key limitation of RGBD sensors is the mismatch in data size (pixel count) and data rate (total 

pixel frame rate) between the outputs of 2D color (PC-vision) and 3D depth (IR-vision) sensors. Due 

to market demand, 2D color imaging sensors for small electronic devices such as smartphones 

have achieved dramatic increases in substrate pixel count. For example, Nokia’s Lumia 1020 

smartphone is equipped with a 41 MP (mega-pixel) PC-vision sensor. In contrast, IR-vision sensor 

pixel counts are lagging behind that of PC-vision. Currently, IR-vision sensors on the market can 

only achieve a maximum pixel count < 2MP. Several reasons account for this difference: 1) recent 

market demand for IR sensors, 2) larger pixel size required to detect IR light (see Figure 10), 3) 

CMOS substrate technology limitation and 4) type of depth-imaging technology used. As shown in 

Figure 10, for the same sensor substrate size, the PC-vision pixel density is higher by at least a 

factor of 4. Depth sensing based on structured light and pulse-modulated source usually achieve 

total pixel count less than those based on IR stereo vision and PC-IR sensor options. Since most 

consumer-grade CMOS light sensor modules use rolling electronic shutters, we must also deal with 

image distortion caused by object motion, camera shake and long exposure time. It is, however, 

possible to develop CMOS sensors with an electronic global shutter as implemented in Intel’s 

RealSense sensors. As shown in Figure 10, an area array sensor (Fig. 10b) with a global shutter can 

be fabricated by stacking many linear array sensors (Fig 10a).  

Another artifact of pixel density mismatch is the difference in frame rates offered by PC and IR-

vision sensors. Since IR pixel density is lower by a factor of 4 or more, its frame rate is greater than 

that of PC-vision sensor by a factor of 3 or more. Typical PC-vision sensors follow movie and video 

industry standard rates of 25 or 30 frames per second (fps) whereas IR sensors offer rates up to 90 

fps ─as limited by current CMOS technology and interconnect speeds.   
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Figure 10: CMOS substrates: (a) IR linear array (b) IR area array (c) PC area array 

3.6  Syncing RGB and Depth Data 

Ideally a robot’s vision sensor(s) can perceive full-color 3D objects at a range extending to infinity 

and with a wide (> 120°) field-of-view (FoV) ─both horizontally and vertically. In practice, current 

vision sensor modules have a lower field-of-view (< 90°) and the depth range is limited to a 

maximum of 10 meters. Certain depth sensing technologies have a much lower range (< 1 meter). 

A fish-eye lens can provide a wider FoV but generate a distorted (non-rectilinear) image. For depth 

sensing, the range is limited by sensor pixel exposure time versus the Round-Trip Time (RTT) for IR 

light to travel from the source to the sensor plate. Longer range implies greater RTT and thus a 

longer exposure time, which generally leads to more noise and distortion in the resulting depth 

image. Given current vision sensor technology limitations, a more pressing concern is the syncing 

problem between RGB and Depth pixel data. Ideally, a sensor pixel can detect both full-spectrum 

color and depth intensity via a single lens assembly (Figure 11a). In practice, each sensor pixel 

detects a primary color (Red, Blue or Green) or IR light (see Figure 8c). Except for sensors by 

OmniVision [19] and PMD Technologies [13], the remaining RGBD sensor modules capture RGB 

and IR light data on two separate area plates (see Figure 7). Since they generally do not have the 

same substrate area size, each requires a different set of lens assembly. In most RGBD sensor 

modules, the RGB and D sensor sub-modules are calibrated such that they both have the same or 

nearly identical area of view (Figure 11b). This is known as Spatial or Area Syncing. Since the total 

pixel count on the D sensor is much less than that of the RGB sensor, their resulting frame rates are 

also different. If one rate is not a multiple of the other, then Temporal Syncing is much more 

difficult. Intel’s RealSense RGBD sensor has RGB and D sensor frame rates of 30 and (up to) 90 fps, 

respectively. Thus, for every three D frames, there is a single RGB frame. If, however, their rates are 

15 and 20 fps respectively, then the last RGB frame from a group of 3 syncs with the last D frame 

from a group of 4, assuming the shutter and output timings of both sensor outputs are aligned. 

This is called Gated or Trigger Sync (see external control in Figure 2). In general, the D sensor 

output has to wait for the RGB sensor output since the latter has higher pixel count and has to 

undergo color-vision image signal processing (see Figure 5a where the RGB sensor output is 

processed by ISP before outputting to the application processor). This is not an issue in a single 

RGBD module but additional care is required by when two separate RGB and D modules are 

integrated (i.e. gated outputs of RGB and D image data) to generate a single-view 3D vision.          
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Figure 11: RGBD sensor module Field-of-View (a) Ideal (single-lens, single substrate, single RGBD pixel) 

                 (b) RealSense RGBD 435 [31]; 1 x RGB module, 2 x D-module (only one shown here) 

4. C-SWaP Constraints  

SWaP (Size, Weight and Power) constraints are always critical factors when translating an 

engineering design model to a production-level prototype. This is true for Crowdbot robots since 

they are not designed from scratch but used as-is or retrofitted (augmented) for crowd navigation. 

Additionally, the per-unit device cost (the “C” constraint) is also a factor in selecting a specific 

sensor technology in fulfilling a perception or navigation requirement. In general, all sensors used 

in the Crowdbot project are Commercial Off-the-Shelf (COTS) products and most are consumer-

grade. It is possible to increase sensing resolution and accuracy, or reduce module size by using a 

commercial-grade counterpart with a higher price point. In summary, we anticipate changes to our 

sensor suite in the latter part of the project due to economies-of-scale cost reduction, a change in 

navigation requirements, an upgrade of computing devices, operational safety concerns, etc. In the 

remainder of this section, we present two examples where a change in C-SWaP constraints leads to 

a higher resolution/accuracy or a more streamlined, compact augmentation of sensors. 

4.1  2D Range-Finding Example 

As described in Section 2.1, 2D range-finders are extensions of 1D range-finders for planar 

scanning of the environment. The cheaper 2D extension is a daisy-chained assembly of 1D range-

finders into a ring for 2D radial coverage. This option is shown in Figure 12b for the NavChair 

prototype built by U. of Michigan (in 1993) using twelve ultrasonic sensors. A similar setup is shown 

in Figure 12c for the prototype developed by University College, London. In this case, an ultrasonic 

sensor is mounted on a 3D printed white enclosure and is attached at the front of the footrest and 

at the top of each front wheel. In total, the UCL prototype uses twelve 1D sensors for full 360° 

coverage around the wheelchair. Both use 1D ultrasonic sensors but the UCL option is more 

compact due to advances in manufacturing technology. In contrast, the Panasonic’s wheelchair 

(Figure 12a) uses two 2D scanning LiDAR modules (above front wheels) for full 360° coverage, 
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although self-occlusion from the wheelchair body blocks range data for the rear areas. It is clear 

that the Panasonic 2D LiDAR option is cleaner, more compact and simpler for system integration 

but at a much higher cost (~ 20─100 times more than the 1D ultrasonic sensor options). 

     

 

    Figure 12: Obstacle Detection sensor options on a wheelchair  

(a) 2D LiDAR on Panasonic WHILL [25], (b) U. Michigan’s NavChair 24] (c) UCL’s prototype [23] 

4.2  2D Camera Vision Example 

For PC-vision cameras, the SWaP constraint is typically a non-factor since the enclosure that houses 

the sensor module is quite small and lightweight. But cost is a major factor. A sensor module that 

produces higher pixel count, resolution (data bits) and frame rate also taxes computing resources 

and power consumption of the information processing unit. In Figure 13, we show three different 

sensor models from the same manufacturer with different specifications in resolution, sensitivity 

and pixel count and thus different price points. The left model is the least expensive while the 

middle model is the most expensive due to its large pixel size, high frame rate and 12-bit output 

resolution. In contrast, the right (mid-price) model offers the highest pixel count (16 MP). 

       

            Figure 13: Three different PC-vision sensor models from OmniVision Technologies [28] 

5. CROWDBOT Sensors  

This section covers all aspects related to sensors selected for Crowdbot robots such as the 

Pepper humanoid and the smart wheelchair. Additional details of these robots can be found in our 
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System Architecture report D5.1 [30]. By consolidating sensor information from previous sections, 

we can tabulate robotic sensors into categories as shown in Table 4: Summary of Sensors for 

Robotic Navigation. The only remaining details for sensor specification are: 

1. What are the operational requirements for Crowdbot robotic sensors? (see Table 1) 

2. What is the sensor suite for each Crowdbot robot? (see Table 5 & 6) 

3. How and where are sensors embedded, attached or augmented in each Crowdbot robot? 

(see Figures 17 & 18, Tables 2 & 3 and Sections 5.2 ─ 5.3) 

4. How can Crowdbot robotic sensor technology for safe navigation be replicated or 

transferred to another robotic platform? (see Section 5.1)  

Since the main focus of the Crowdbot project is safe navigation of mobile robots in dense crowd 

environments, we first define system-level sensor requirements as listed in Table 1. Sensor 

specifications for two Crowdbot robots ─Pepper and smart wheelchair─ are provided in Tables 5 

and 6. Details of sensor positions and placements on these robots are summarized in Tables 2 and 

3. It is anticipated that our selection of robotic sensors will change or evolve over the course of the 

project and therefore, sensors are classified as  

 Current ─ they are embedded in the baseline robot platform, as-is 

 Augmented ─ they are likely to be included in Phase 1 tests 

 Future ─ they are likely to be included in Phase 2 tests 

As detailed in Table 1, each operational requirement is fulfilled using one or more sensor 

categories. Details of sensor data integration for perception, interpretation and navigation are 

outside the scope of this report but will be presented in future reports on System Integration.   

 

Table 1: Sensor Requirement Summary for CROWDBOT Robots 

Sensor Requirements 

Operation = Safe Navigation 

Sensor Options 

C P LiDAR RGBD IN MC 

Obstacle Avoidance       

Contact Detection       

Perception and Tracking       

Mapping & Localization       

Navigation & Motion Control       

C ─ Contact, P ─ Proximity, LiDAR ─ Light based 2D/3D ranging, 

RGBD ─ Combined color plus depth image data sensing 

IN ─ Inertial & Navigation, MC ─ Motor Position/Speed Control   

 

5.1  Sensor Technology Transfer 

Another important objective of the Crowdbot project is technology transfer. In this respect, this 

report provides sufficient data on sensor technology and augmentation options such that identical 

or similar sensor module sets can be used in another robotic platform. Furthermore, the resulting 
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sensor-based navigation technology developed by the Crowdbot team can be reproduced or 

enhanced in the future. The focus of this section is a summary of duplication and reproducibility 

guidelines of Crowdbot sensor technologies.  

As shown in Figures 17 and 18, Crowdbot robots (Pepper and smart wheelchair) are similar to 

service, social and human-assisted machines such as those shown in Figure 14. Therefore, any 

other robotic platform with similar body frame, attributes and operational requirement can be 

fitted with the Crowdbot sensor suite. In Tables 2 and 3, we further elaborate on the placement of 

such sensors on different parts of the robot. Since the smart wheelchair and the Pepper robot are 

dissimilar in a number of areas (e.g. body frame, wheels and power train), the same sensor suite 

may not be installed in both platforms. However, they do use the same or similar type of sensors in 

a majority of body parts. In general, 

 Proximity sensors such as 1D-Range-Finders and 2D-LiDAR are used in the base or lower 

part of the platform for obstacle detection and collision avoidance. 

 At least one RGBD color-and-depth camera is required at the front for perception of 

immediate surrounding for forward movement. Additional RGB cameras can also be placed 

for side or back view perception of surrounding areas. 

 A 1D-RF is generally required (and aimed at an angle to the floor) to detect the ground 

level of the floor on which the robot stands and navigates. This is to prevent the platform 

from falling due to a dip or a downward step. Pepper uses three units of 1D-RF-L. 

 In addition to RGBD, an RGB camera may be required to track the ground plane. Since an 

RGBD camera is mounted high to detect distant objects with minimal occlusion, the ground 

level of the floor may be outside its field of view. 

 Inertial and Navigation sensors are always placed in the base to detect both translation and 

rotational motion. A humanoid such as Pepper with many joints has IN and MC sensors in 

other parts of its body.  

 Motor control sensors are required for wheels or motors with a drive train to the wheels.  

 Contact sensors are required in body parts where touch, pressure or force contact is 

expected. This is especially true for a wheelchair with many protruding parts. 

In Figure 14 we show several commercially available robots as examples for augmentation with 

Crowdbot sensor technologies for safe navigation in dense human crowds. Of course, sensor 

technology transfer is equally valid for non-commercial prototypes being developed by academic 

and research institutions. The WHILL wheelchair is similar in dimension and structure to our smart 

wheelchair prototype. Likewise, both HSR and Buddy have interactive features and camera sensors 

similar to those of the Pepper robot.  

5.2  RGBD Augmentation for Crowdbot Robots 

Robots that navigate through crowd need a very good understanding of the environment (i.e. 

humans, material objects and enclosed space) in which they operate. Thus, vision sensors that 

provide both 2D color (RGB) image as well as 3D depth information are extremely important. While 

robots such as Pepper are already equipped with RGB and depth sensors, they are decoupled  from 

each other, and hence the data have to be fused together in order to perform visual understanding 
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tasks. An integrated RGBD sensor which can provide both the RGB and the depth data would be 

beneficial as they provide an out-of-the-box 3D color image solution that could avoid some of the 

problems caused by post processing of data. Hence, for our visual sensing scenario, an integrated 

RGBD sensor would be a better choice for developing the sensing capabilities for the robotic 

platforms. Furthermore, it would be beneficial for both Pepper and the wheelchair to use a camera 

with the same specification such that the data that we receive for the sensing system is consistent 

across both platforms and thus also transferable to other robotic systems. 

 

(a)                                   (b)                                                  (c) 

Figure 14: Examples of non-Crowdbot robots with similar sensor augmentation for dense crowd navigation 

(a) The WHILL Power wheelchair [25] 

(b) The Human Support Robot (HSR) by Toyota [32] 

(c) Buddy the companion robot by Bluefrog Robotics [33]    

Also, since the CROWDBOT robots are expected to navigate through dense crowd, it is 

likely that a large part of the visual scene is occluded because these robots can get very close to 

humans. This could cause problems in detecting objects, and hence we would like to explore the 

usage of additional cues, such as optical flow or scene flow, which can complement the RGB data in 

detecting these objects. In order to realize this, the RGBD camera of choice should have a wide 

field of view so that occlusions do not hinder the robot from understanding the neighboring 

environment, and thereby navigating safely through the crowd. Ideally, a viewing field of about 170 

degrees would help the robot to obtain the visual area that is relevant for its perception of the 

environment. Hence, the wider the field of view of a single depth sensor, the lesser the number of 

such sensors that are required, which subsequently reduces the computational power needed for 

the robotic system. Another factor that becomes important in the Crowdbot scenario is the depth 

range of the depth sensor. Ideally, we would like to have a wide depth range with minimum and 

maximum ranges of 0.3─0.4 and 7─9 meters, respectively. A short minimum range would ensure 

that 3D obstacles close to the robot are detected, which helps the visual sensing module to 

generate the right scene inference. Mounting of the RGBD cameras on the robots, especially the 

position and angle, too play a role in the effective perception of the robotic environment. For 

object detection, most of the existing algorithms use object contours, such as the shape of a 
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person’s head, arms, legs etc. to perform detection. This implies that the visual sensors should be 

mounted high enough so that the sensing modules can effectively envision the neighboring 

environment, and thereby make the correct navigation decisions.  

5.3  Other Sensor Augmentation for Crowdbot Robots 

In addition to RGBD sensors, the team is currently looking into how we can incorporate a visual-

inertial sensor on a Crowdbot robot such as Pepper with its zenith field-of-view pointed upward at 

the ceiling. This augmentation is beneficial to localization in an indoor environment such as an 

office space. Due to the severity of lateral occlusion from human crowds, this may be the most 

robust way to sense and localize a robot. Cameras and inertial sensors are already discussed in this 

report as separate navigation aids but in this section, we are introducing another integrated 

solution that uses both a stereo-vision camera and an IMU (inertial measurement unit) (Figure 15).  

                                     

            Figure 15: Skybotix VI-sensor for integration of stereo vision and inertia measurement data [34] 

The fusion of visual and inertial cues has become common practice for robotic navigation due to 

the complementary nature of the two sensing modalities. Visual-Inertial (VI) sensors designed 

specifically for this purpose mount the cameras and IMU on the same board. This alleviates 

calibration and synchronization challenges to enable tight integration of visual measurements with 

readings from the IMU. The Skybotix VI-sensor (Figure 15) is no longer available for purchase but 

the unit is in the possession of the Crowdbot team and will likely be used as one of the augmented 

sensors. Additional technical details of the VI-sensor and its driver are available at [34, 35, 36]. 

Other likely candidates for sensor augmentation are Force and Pressure sensors as shown in 

Figure 16. They do not aid directly in navigation but are required modules for safe navigation since 

they detect a robot’s contact with humans and material objects. Due to their minute form factor, 

each can be easily inserted into a specific part of a robot where there is a high probability of 

contact. The pressure sensor must be attached to a deformable body part to sense pressure 

variation due to an external impact whereas the force sensors are used as-is. 

                                 

(a)                                  (b)                                   (c) 

                            Figure 16: Force sensors by Honeywell & TE Connectivity; (a) & (b) [16, 17]  

                                              Pressure sensor by Honeywell (c)   
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                       Front                                      Left-side                                     Back 

       Figure 17: Multiple views of the motorized wheelchair prototype model by University College, London 

Table 2: Sensor Locations for Crowdbot Smart Wheelchair 

Lower Structure Sensor Categories Upper Structure Sensor Categories 

Base 1D-RF-US/IR, 2D-RF, 

CP-RC/EM/FP, IN-R/T/M 

Armrest CP-RC/EM/FP 

Wheels CP-FP, MC-O Back/Head Support 3DV-SV-IR (F) 

Footrest/ 

Front Body 

1D-RF-US/IR, CP-RC/EM/FP, 2D-RF Side Body  

Side Body 1D-RF-US/IR, CP-RC/EM/FP HMI/Joystick 2DV-RGB 

See Table 4 for sensor acronyms. 

                     

                        Front Picture                  Front                       Right-side                    Back 

               Figure 18: Multiple views of the Pepper robot by SoftBank Robotics [5]    

Table 3: Sensor Locations for Crowdbot Pepper Robot 

Lower Structure Sensor Categories Upper Structure Sensor Categories  

 Base CP-EM, 1D-RF-US/L/IR Chest  

Wheels MC-M Arms, Hands, Fingers CP-RC 

Lower Frame IN-T, IN-R Head CP-RC 

Mid Frame IN-R Face 2DV-RGB, 3DV-LP1 
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Table 4: Summary of Sensors for Robotic Navigation 
 

Category Sub-Category Options Label Market Leaders 

Range-Finding 

(RF) 

1D point/blob Infra-Red (IR) 1D─RF─IR Numerous vendors 

Ultrasonic (US) 1D─RF─US 

Laser (L) 1D─RF─L   

2D & 3D LiDAR 2D─RF, 3D─RF Panasonic [7], Hokuyo [12] 

Contact & 

Proximity  

(CP) 

Physical contact Resistive/Capacitive CP─RC Numerous vendors 

Mechanical switch trigger CP─EM Numerous vendors  

Force/Pressure Sensing CP─FP Numerous vendors [16, 17] 

No Physical Contact Electric/Magnetic Field CP─EMF Omron [18] 

RGB Vision (2DV) Single Camera Color or grayscale 2D image 2DV─RGB, 2DV─BW Sony [21] 

Dual Camera Stereo vision depth 3DV─SV─RGB/BW Stereolab ZED [15] 

IR Vision  

(3DV) 

Single Camera Depth via ToF of Modulated Pulse 3DV─ToF PMD Technologies [13] 

Depth via Structured Light Projection 3DV─LP1 MS Kinect, Surface [14] 

Dual Camera Depth via Stereo Vision 3DV─SV─IR Intel RealSense [20] 

Depth via Structured Light Projection 3DV─LP2 Intel RealSense [20] 

RGB + IR Interleaved pixel rows Passive or active light source RGBD─C OmniVision [19] 

Inertia & 

Navigation  

(IN) 

Translational motion accelerometer IN─T  

 

Numerous vendors 

Rotational motion gyroscope IN─R 

Magnetic heading compass IN─M 

Motor Control 

(MC) 

Angular position & 

rotational speed 

Optical encoder MC─O 

Magnetic (Hall-Effect) sensor MC─M 

 

1D─RF = 1-dimensional (point/blob) range-finding via point sensor     SV = stereo-vision depth imaging 

2D─RF = 2-dimensional (area) range-finding via scanning point sensor    LP = structured light projection for depth imaging 

3D─RF = 3-dimensional (donut) range-finding via scanning and nodding point sensor  ToF = Time-of-Flight round-trip-time depth imaging 

2/3DV = 2-/3-dimensional color data via CMOS RGB area sensor     LiDAR = laser scanning range-finder 

RGB = Red-Green-Blue; primary colors of white light        BW = Black-and-White (gray scale) 2D image  
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Table 5: Sensor Specification for CROWDBOT Pepper Robot 

 

Robot  Category Label Type/Model Status Remarks 

Pepper Range-Finding 1D─RF─L Laser 808 nm wavelength pulsed at 6.25Hz C x6 actuators and x3 sensors 

1D─RF─US Ultrasound -86dB res. 0.03m at 42KHz C x2 (front and back) 

1D─RF─IR Infrared Sensor C V1.5 x2 (front left and right sides) 

Contact & Proximity CP─RC Touch/Tactile Sensor C x3 (Head-Left Hand-Right Hand) 

CP─EM Bumper switch based C x3 (Base) 

Vision 2DV─RGB PC-vision OV5640 CMOS SoC C x2 (forehead and mouth) 

3DV─LP1 ASUS XTION IR sensor with light projector C For V18A 

3DV─RGBD  PC-vision OV4689 CMOS SoC x 2 C For V18 

Inertia & Navigation IN─T 3-axis Accelerometer C With acceleration of ~2g 

IN─R 3-axis Gyroscope C With angular speed of ~500º/s 

Motor Control MC─M Magnetic Rotary Encoders (Hall effect sensor) C x27 (V18A), x30 (V18)  

 

Notes:  

1) Status indicator is C – current, A – augmented (1st round tests) or attached and F – future installation (2nd round tests) 

2) Two models of Pepper exist: V18 and V18A. 

3) Additional sensors may be augmented as needed in the future. 

4) Additional information such as structural dimensions can be found at the official site for Pepper [29]. 
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Figure 19: 3D Coverage (a) & (b): 1RF-US x 2, (c) & (d): 3DV-LP1, (e) 1D-RF-IR x 2, (f) 1D-RF-L x 3, (g) & (h): 2DV-RGB x 2 
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Table 6: Sensor Specification for CROWDBOT Smart Wheelchair 
 

Robot  Category Label Type/Model Status Remarks 

Wheelchair Range-Finding 1D─RF─US SRF08 sonar sensor F 12 units mounted around the 

wheelchair for 360° coverage 

1D─RF─IR  Infrared sensor  F 20 units mounted on the wheelchair 

2D LiDAR Hokuyo URG-04LX-UG01 Scanning Laser 

Rangefinder 

F Mounted on the center of the  

footrest and possible on top of each 

front castor wheel 

Contact & Proximity CP─RC  Micro-switch (contact-switch) F e.g. virtual bumper 

CP─FP Force sensing resister (FSR) F Indirect torque measurement, see 5) 

 CP- EM  Mechanical switch sensor F  

Vision 2DV─RGB  F Mounted on front side body part 

3DV─SV─IR  RealSense RGBD model D435 or similar A Mounted on a custom frame.  

Inertia & Navigation IN─R, IN─T Sparkfun 9DoF Razor IMU MO F Inertial Measurement Unit (IMU) 

Motor Control MC─O Kubler Incremental Encoder 

8.KIS40.1362.0500 

F  

MC─O Custom-built encoder A  

 Torque  Custom-built indirect torque measurement  A Inferred indirectly from motor current 

measurement  

 

Notes:  

1) Status indicator is C – current, A – augmented (1st round tests) or attached and F – future installation (2nd round tests)  

2) Wheelchair dimensions (Figure 20) and 3D sensor coverage zones (Figure 21) are provided on the following pages. 

3) Certain wheelchairs are equipped with a head rest as an extension to the back support.  

4) The Crowdbot wheelchair is very similar to other production models such as the XO-202 by Karman Healthcare [27]. 

5) Indirect torque measurement refers to inferring the torque from current, rather than measuring it directly using a torque sensor.  
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Figure 20: Wheelchair Dimensions 
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Figure 21: 3D Coverage of wheelchair sensors 
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