
APPENDIX A: Estimation of Stair Climbing Speeds 

 

The speed of climbing stairs was mostly not specifically measured or published by the robot 

manufacturers. Therefore, we estimated these values for 7 of the collected robots that are 

capable of climbing stairs based on the observation of existing video material. In most of those 

sources, step sizes corresponded to those of human environments, i.e., 15 – 20 cm [1], except 

with Atlas and NAO: 

 

1. Asimo: A YouTube video [2] shows Asimo during a performance show climbing 5 steps 

of a staircase used in human indoor environments in about 5 seconds, thus, achieving a 

stair climbing speed of 1 steps/s. 

 

2. HRP Robot: A YouTube video [3] shows HRP-4 climbing 5 steps of a staircase reproduced 

from an industrial setup in a laboratory environment. The step heights are 18.5 cm (only 

the last step is 14.5 cm), which correspond to the typical step heights in human 

environments. It takes the robot about 19 seconds to climb the 5 steps, thus, achieving a 

stair climbing speed of 0.26 steps/s.  

 

3. HUBO: A YouTube video [4] shows DRC-HUBO climbing 4 steps of an industrial 

staircase as used by humans within the contest of the DARPA Robotics Challenge in about 

120 seconds, thus, achieving a stair climbing speed of 0.03 steps/s. 

 

4. NAO: A YouTube video [5] shows NAO, a doll-sized humanoid, climbing 5 steps of a 

properly sized staircase (scaled to fit the size of the robot, with no detailed information 

availale) in about 4 minutes and 24 seconds, thus, achieving a stair climbing speed of 0.02 

steps/s. 

 

5. Atlas: A YouTube video [6] shows Atlas performing highly athletic maneuvers, including 

climbing 3 high steps (estimated to be around 40 cm in step height) in about 3 seconds, 

thus, achieving a stair climbing speed of approximately 1 steps/s. 

 

6. Cassie: A YouTube video [7] shows Cassie robot climbing a laboratory set-up staircase, 

with19 cm high steps. The robots climbs 3 steps in about 2 seconds, thus, achieving a stair 

climbing speed of 1.5 steps/s. 
 

  



APPENDIX B: Non-haptic interaction and conversation 

 

Results: Function 

Applying Knowledge 

When focusing on a single task, humans can maintain attention for the duration of up to 

20 minutes [8] and every attention shift to a different task takes between 50 ms and 1600 

ms- [9]. Human multitasking negatively affects performance [10], and most humans 

cannot switch very quickly between different single tasks. Machines can outperform 

humans both in task endurance and in multitasking functions that require several 

independently running computational processes.  

Reading and writing are trivial tasks for machines, once the information is 

available in a well-defined structure, while trained humans are limited to read around 

330 words per minute (wpm), handwrite 20 wpm, and type up to 80 wpm [11]. However, 

humans are still more capable in perceiving and processing unstructured information, 

e.g., to extract semantic information from a visual observation (identification of an 

objects function). However, humans are limited to a low number of operations per 

second (op/s), while machines can outperform the human easily, being able to perform 

billions of operations per second (op/s).  

Conversation  

Thanks to wired and wireless technologies exceeding 1’000 Gbit/s, machine-machine 

communication is virtually immediate, so that information can be transferred easily and 

rapidly. Machines communicate also with humans and vice versa in the form of human-

like interactions. Human spoken language transfers about 39 bit/s on average [12], and 

it is estimated that only about 7% of whole human communication takes place in the 

verbal channel [13]. Regarding robotic verbal communication, improvements have been 

made thanks to deep learning approaches in natural language processing, but the 

“grounding problem” of language semantics which connects words to their meanings is 

still limiting the performance of chatbots and virtual assistants [14]. Whereas robots and 

machines such as smart phones can “understand” spoken language, they are far from 

understanding human non-verbal signs as transported via gestures and mimics.  

 

Results: Structures 

Computational System 

The human brain is a powerful and barely understood organ that is capable of computing 

and storing information with high performance (estimates of 1028 operations per second 

and 819 bits of memory) [15], comparatively small volume (1.2 l) [16], small mass (1.3 

kg) [17], and with very little power consumption (20 W) [18]. It is difficult to compare 

the human brain with artificial computational systems because they work on completely 

different substrates (3D biological cell structures vs 2D silicon structures) and with 

completely different paradigms. In this paper, we compare biological with artificial 

“brains” using the features of computational power expressed by the number of 

operations per second (FLOPS) and memory storage expressed in bits.  

There is no single, stand-alone artificial computational system that can outperform the 

computational power of the brain (Fig. 5). Smartphones are smaller and more energy 

efficient than the human brain, but neither their computational power nor their memory 

storage capacity can compete with the human brain. With respect to computational 

memory, only the supercomputer SUMMIT can reach performance levels comparable 



to that of a human brain, however, at a cost of an extremely large size, weight, and 

power consumption preventing its use on a mobile humanoid platform [19].  

 

 

Fig. 4. Computational performance decomposed into the features computational power 

measured in FLOPS (number of operations per second) and memory storage capacity measured 



in bits. Features are normalized by denominators mass, size (i.e., volume) and power 

consumption. In the case of the smartphone, PC, and industrial PC, estimated sample values 

have been chosen to represent the performance of current technologies. Computational power 

and memory of the brain are estimates, chosen from the most recent sources in the literature 

[20] [21] [22] [23] [24]. Computational power and memory of the human brain are taken from 

[25] [15]. 

 

Hearing Systems 

Hearing systems can be evaluated with respect to the features frequency range, detection 

threshold, or localization accuracy of sound source. For the human hearing system [26] 

the detection threshold is 20 mPa (i.e., 0 Db SPL – sound pressure level) and the 

detectable frequency range spans from to 20 Hz – 20 kHz. Sound source localization in 

the horizontal plane has an accuracy of about 1° in the frontal area of the head and 

around 15° degrees on the side.  

All these features can be matched by current microphones. Sound source 

localization can be achieved with an accuracy between 1.6° to 30° and depends upon 

the number and configuration of microphones [27] [28]. However, high accuracy sound 

source detection methods require larger spatial constructions. When artificial systems 

are used in humanoid robots, with microphones placed at distances that are comparable 

to the distance of the human ears, the performance of sound source localization is 

expected to be like that of humans [29].  

Sound Generating Systems  

Sound producing structures exist mostly for communication purposes. In humans, the 

organ of speech is constituted by the vocal cords. Air flow, produced by muscular 

activities at the lungs and diaphragm, brings the cords to vibrate so that sound is 

produced. During speech sound frequencies range from 85 Hz to several thousands of 

Hz. Frequency contents up to 22 kHz can be relevant in human speech [30]. Typical 

fundamental frequencies (first mode) of human speech reach from 128 Hz to 267 Hz 

[31], with an average sound pressure intensity of 60 dB [32] [33]. Artificial sound 

generating systems can cover broader ranges and larger intensities at lower weight, size, 

and power consumption than the human organ of speech.  
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