


psychological stress using several speech characteristics (Bren-

ner & Shipp, 1988). They found that the average fundamental

frequency, amplitude, and speech rate increased when task dif-

ficulty increased.

Several factors heavily affect the speaking rate (e.g., native

or non-native speakers). For English, the average is between

130 and 200 words per minute (O’Sullivan, 2009 as cited in

Kopparapu, 2015). There is an interplay between the complex-

ity of the content and the rate (Kopparapu, 2015). For example,

130-145 for complex, 145-175 for average, and 175 for simple.

Speaking rate (words per minute) can be computed if the num-

ber of syllables per second (sps) is known using the following

formula: wpm = sps / γ * 60, where γ is a language-dependent

constant that captures the average number of syllables per word.

For English, it is suggested that γ = 1.5 which have been es-

timated from adult speech samples (Yaruss, 2000). Cardosi,

Falzarano, and Han (1998) provided some recommendations

to reduce communication errors between pilots and controllers.

First, controllers are encouraged to speak slowly and distinctly.

At a normal rate of 156 words per minute, 5% of the controller’s

instructions resulted in a readback error or request for a repeat.

Increasing the rate to 210 words per minute increased the ratio

to 12%. Another recommendation is to keep transmissions short

with a maximum of four instructions per transmission.

Miscommunication could also be caused by the length of

the message (Barshi, 1997; Cardosi et al., 1998). This is at-

tributed to exceeding the capacity of short-term memory. Mes-

sages with three or more aviation topics led to a substantial in-

crease in misunderstanding. Although Barshi and Farris (2013)

found that speech rate by itself may not be a determining factor

in misunderstandings in ATC communication, it is worth noting

that in their experiments, their participants were undergraduate

students and had different contexts (e.g., did not use aviation

phraseology or a radar screen). Speech rate and message length

play a role in comprehending spoken messages.

This paper looks at the various non-verbal aspects of radio

communication and their relationship to workload in a simu-

lated working environment. Specifically, we focus on the trans-

mission length and the speech rate.

THE SIMULATION EXPERIMENT

A mid-fidelity radar simulation program was used to sim-

ulate the Terminal Radar Approach Control (TRACON) in

Phoenix Sky Harbor (KPHX) Quartz West and South East ar-

rivals. In this experiment, ATC participants interacted with

three pseudo-pilots who were part of the research team. They

were trained on phraseology, proper communication proce-

dures, and simulation controls. They act as pilots of multi-

ple aircraft assigned to their routes: Standard Terminal Ar-

rival Route (STAR); ARLIN4, BLYTHE5, SUNNS8, and HYR-

DRR1. Alongside the ATC participant is a ghost controller who

is also part of the research team and controls the tower. The

simulation program logs pertinent information about a scenario,

such as distance information of aircraft. Three 25-minute sce-

narios were designed with varying workloads by manipulating

the traffic density. The first scenario was the baseline in which

4-5 aircraft are visible simultaneously. The second scenario was

high-workload, in which 10-12 aircraft were under the control

of the ATC. The third scenario was similar to the second except

for the addition of predefined and fixed off-nominal events such

as moderate turbulence, pilot deviation NORDO (No radio air-

craft), runway switch, and minimal fuel advisory. The following

constraints were imposed for all scenarios: (a) You must accept

all handoffs from the center approach. The center will not hold.

(b) You will only hand off to the final approach/KPHX tower.

(c) No route modifications that result in aircraft leaving your

control. (d) You will not request/issue commands to land at an

airport other than the field destination. No alternate airports.

You may only hand off to the final approach. (e) Keep aircraft

in your airspace. No handoffs (except to 120.9 sector) and no

point outs. (f) You must not declare emergencies.

Participants and Procedure

A total of six retired ATCs participated in this study. They

all had prior experience in civilian TRACON (M=30 years,

SD=10.97 years). Each participant was trained to use the soft-

ware prior to the actual scenarios. They all had to perform the

three scenarios with a break in between. To counterbalance the

ordering effects, the order in which scenario they were going

to perform was predetermined. Participants were debriefed and

interviewed after the experiment. They were compensated for

their participation in the experiment.

Multiple sensors were used throughout the experiment

(e.g., eye-tracking, ECG, affect). However, we focus only on

the voice data recorded in this analysis. This includes trans-

mission exchanges between the ATC participant, the pseudo-

pilots, and the ghost controller. These voice recordings were

transcribed using an automated speech recognition (ASR) ser-

vice. The ASR service automatically added timestamps to ver-

bal messages. However, due to the domain-specific nature of the

content of the transmissions, the transcripts had to be manually

inspected and corrected.

EXPLORATORY DATA ANALYSIS

This study is part of a larger project that is fusing data in

the National Airspace System to predict risk. The data reported

here represent only a subset of the data we collect from the hu-

man component. The goal is to develop a model that combines

the data for the best risk prediction. In this analysis, we fo-

cused on two non-verbal features of transmission, particularly

the length and the speech rate. A transmission’s length is the

duration in seconds calculated using the timestamp information

from the transcript. A script was written to automatically count

the number of words in a transmission and obtain the word

count. Using this information, we divided it by the transmission

length to estimate the speaker’s speech rate as words per minute.

Additionally, Syllables, a Python library, was used to bench-

mark this estimate, which can estimate the number of syllables

based on pattern matching. In this analysis, we looked into two

speech rate types: words per second (wps) and syllables per

second (sps). Most of the linguistic and speech literature used

sps. We found a significant positive correlation between the two

units (r = 0.85, p < .001). Therefore, in succeeding analyses,

we decided to focus on sps to estimate speech rate.
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