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Abstract

This paper introduces ECHO, an open-source graphical user inter-
face (GUI) created to simulate and mitigate interplanetary com-
munication delays in analog space missions. Designed to make 
research on human factors in high-latency environments more 
accessible, ECHO provides a flexible platform for testing commu-
nication protocols involving text, audio, video, and file exchang-
es. The tool enhances user situational awareness through features 
such as indicators for in-transit and out-of-sequence messages, and 
supports fixed or dynamic Martian light-time delay profiles. This 
paper describes ECHO’s design, novel contributions to delayed 
communication research, and key insights gathered from its de-
ployment in real-world analog missions.

Keywords: planetary analog, time-delayed communications, com-
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Superando el retraso: ECHO como herramienta para 
estudiar los desafíos de la comunicación interplanetaria

Resumen

Este artículo presenta ECHO, una interfaz gráfica de usuario (GUI) 
de código abierto creada para simular y mitigar los retrasos en las 
comunicaciones interplanetarias en misiones espaciales analógi-
cas. Diseñada para facilitar la investigación sobre factores huma-
nos en entornos de alta latencia, ECHO proporciona una platafor-
ma flexible para probar protocolos de comunicación que incluyen 



234

Space Education and Strategic Applications Journal

texto, audio, vídeo e intercambio de archivos. La herramienta me-
jora la comprensión situacional del usuario mediante funciones 
como indicadores de mensajes en tránsito y fuera de secuencia, y 
admite perfiles de retardo de tiempo luz marciano fijos o dinámi-
cos. Este artículo describe el diseño de ECHO, sus novedosas con-
tribuciones a la investigación sobre comunicación retardada y los 
conocimientos clave obtenidos de su implementación en misiones 
analógicas reales.

Palabras clave:  análogo planetario, comunicaciones con retardo 
temporal, tecnología de la comunicación, vuelos espaciales de lar-
ga duración

弥合延迟：ECHO作为研究行星际通信挑战的工具

摘要

本文介绍ECHO，一个用于模拟和缓解模拟太空任务中行星际
通信延迟的开源图形用户界面(GUI)。ECHO旨在使高延迟环
境下的人为因素研究更加便捷，它提供了一个灵活的平台，
用于测试涉及文本、音频、视频和文件交换的通信协议。该
工具通过诸如传输中和乱序消息指示器等功能，增强了用户
的态势感知能力，并支持固定或动态的火星光时延迟模型。
本文描述了ECHO的设计、其对延迟通信研究的创新贡献，以
及从其在真实模拟任务中的部署中获得的关键见解。

关键词：行星模拟，时延通信，通信技术，长期太空飞行

Introduction

Among the many challenges of 
future human interplanetary 
missions, communication la-

tency remains one of the most funda-
mental barriers (Love & Reagan, 2013). 
The one-way light-time (OWLT) delay 
between planets renders real-time com-
munication impossible, forcing crews 
to operate with greater autonomy and 
limited ground support (Gushin, 2003; 
Kansas, 2010; Love & Reagan, 2013). 

This paradigm shift increases workload 
and stress while reducing situational 
awareness.

Although latency is an im-
mutable physical constraint, prior 
research shows it can be mitigated 
through training, procedures, and tech-
nologies specifically designed for de-
layed operations (Lester & Thronson, 
2011; Rader et al., 2013). To study these 
effects, researchers require tools capa-
ble of accurately emulating communi-
cation delays in analog environments. 
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Existing solutions often rely on custom 
configurations or proprietary systems 
such as NASA’s Playbook, which limit 
accessibility for broader research.

To address this gap, ECHO (Em-
ulating Communication delays for Hu-
man spaceflight Operations) was de-
veloped as an open-source, web-based 
platform for simulating and mitigat-
ing delay effects (Schor, 2024). ECHO 
supports studies of interface design, 
communication strategies, and human 
performance in delayed environments. 
It has been tested and deployed in over 
ten analog missions at the University of 
North Dakota’s Integrated Lunar Mars 
Analog Habitat (ILMAH).

Objective

The objective of this study is to 
present ECHO as a tool for sim-
ulating, studying, and mitigating 

interplanetary communication delays 
in analog missions. By offering an open, 
extensible, and easy-to-deploy plat-
form, ECHO lowers barriers to research 
on human factors and decision-making 
in high-latency environments.

Background

Before the advent of specialized 
platforms, analog missions typ-
ically relied on adapting com-

mercial off-the-shelf (COTS) soft-
ware or assembling complex systems 
to simulate latency. Early missions 
such as NEEMO and D-RATS used 
Linux-based channel emulators with 
VoIP applications like VCOM and 
XMPP servers for text messaging (Rad-

er et al., 2013; Downs, 2012). Although 
functional, these systems lacked fea-
tures critical for long-duration use such 
as message notifications, integrated au-
dio and video playback, and effective 
tools for organizing delayed conver-
sations. Their complexity also limited 
reproducibility and accessibility for ex-
ternal researchers.

NASA later developed Playbook, 
an integrated mission planning and 
communication platform designed to 
operate under simulated delays (Mar-
quez et al., 2013; Kanefsky et al., 2017; 
J. Gale et al., 2018). Its dual-server ar-
chitecture, with one instance at the 
habitat and another at Mission Control, 
effectively simulated OWLT by holding 
messages until their delivery time ex-
pired (Marque, Hillenius, Deliz, et al., 
2019). Features like visual countdown 
timers, auditory notifications, and mes-
sage prioritization improved usability 
(Marque, Hillenius, Deliz, et al., 2019). 
However, the system’s public-only chat 
model and reliance on centralized in-
frastructure made it less flexible for in-
dependent research teams.

Other tools, such as Braiding, 
explored structured conversation man-
agement by organizing exchanges into 
topic-based threads or “braids” (Fisch-
er et al., 2023). This approach reduced 
confusion caused by out-of-sequence 
messages but introduced rigid inter-
action rules that some users found re-
strictive. These systems highlighted the 
need for a more adaptable, open-source 
solution capable of supporting diverse 
experimental designs—needs directly 
addressed by ECHO.
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Methodology

ECHO’s development and evalua-
tion followed a mixed-methods 
approach during three consecu-

tive missions at UND’s ILMAH facility. 
Participants interacted with two inter-
face variants—one basic (Interface A) 
and one enhanced (Interface B)—to 
assess the impact of mitigation features.

Data collection included post-
phase surveys using the System Usabil-
ity Scale (SUS) and an Acceptability 
Scale to evaluate usability and willing-
ness to adopt the tool (Brooke, 1996; 
Abercromby et al., 2013). A final Del-
phi study, conducted across all 19 par-
ticipants, consolidated findings and 
ranked the usefulness of ECHO features 
and future improvements. Quantitative 
data were analyzed with descriptive 
statistics, while qualitative feedback 
provided context for interpreting user 
responses.

ECHO Design and 
Implementation

ECHO was designed as a three-ti-
er web application (Data, Appli-
cation, and Presentation tiers) 

hosted on a single server (Schor, 2024). 

Unlike dual-server systems that sep-
arate habitat and mission control in-
stances, ECHO integrates delay simula-
tion within one environment to simplify 
deployment and synchronization. The 
system uses Server-Sent Events (SSEs) 
to push real-time updates to clients and 
accurately model OWLT delays. While 
the analogs relied on a fixed delay, the 
system also allows users to define time 
delays as a function of time to mimic 
transit times or to use a Martian delay 
profile that is based on propagated orbit 
models useful for educational outreach 
environments (Schor, 2024). Messages 
are ordered based on local receipt time, 
ensuring users see information in the 
sequence available to them during op-
erations. 

The GUI was developed to man-
age the cognitive load of delayed com-
munication. Visually, it utilizes red and 
blue pallets to distinguish the interface 
for those on a remote planet and Earth 
respectively. Practically, It supports text, 
audio, video, and file exchanges in both 
public and private channels, integrating 
all communication media into one en-
vironment (Schor, 2024). ECHO’s de-
sign focuses on enhancing situational 
awareness through key features shown 
in Table 1.
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Figure 1: ECHO Interface.

(a)	 Mission Control Interface using blue tones

(a)	 Analog Habitat Interface using red tones
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Table 1: ECHO features for enhancing situational awareness in high latency environments

Category Feature Purpose

Delay 
Simulation
(Figure 2)

Visual 
progress bar

Displays the elapsed time for messages 
currently in transit, filling up to show the 
proportion of transmission time completed. 
This feature serves as a coarse reminder of 
the delay, intended to reduce users’ mental 
workload by helping them estimate delivery 
time and plan activities. It updates at 1 Hz and 
was ranked as the most useful current feature 
by study participants.

Timestamped 
send/receive

Shows both the message send time and the 
estimated delivery time next to the message 
status (e.g., “transit” or “delivered”). This 
provides essential fine-grained context for 
high-latency conversations and was ranked 
the second most useful feature. The status text 
“delivered” indicates the message reached the 
other site, but not necessarily that the user has 
read it.

Organization
(Figure 3)

Conversation 
threads

Supports creating sub-channels (or threads) to 
categorize discussion topics. This is intended to 
organize the conversational flow and declutter 
the main chat by grouping messages on specific 
topics. 

Unique 
message 
identifiers

Assigns unique sequential IDs based on 
the sender’s site (e.g., MCC-n, HAB-n) for 
each conversation. This was introduced 
as an alternative numbering system to aid 
conversation tracking without the need for 
timestamps that are planet dependent. The 
identifiers are unique for each message thread. 
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The administrator interface al-
lows for all mitigation features to be en-
abled or disabled individually, allowing 

researchers to isolate and study their 
effects. The system also provides export 
options for post-mission analysis.

Mitigation 
Indicators
(Figure 4)

Out-of-
sequence 
flag

A novel visual cue (small icon) that flags 
messages received chronologically by 
timestamp, but which were sent out-of-order, 
meaning the sender composed the message 
without knowledge of another message already 
propagating through the delay. This feature 
directly addresses what out-of-sequence 
problems (Love & Reagan, 2013).

Important 
message flag

Allows users to flag time-sensitive 
communications. The GUI applies prominent 
formatting and a more jarring sound to draw 
immediate attention. This feature was ranked 
third most important, confirming the need for 
tools to convey urgency.

Usability Integrated 
media & 
notifications

Provides capability to exchange text, audio, 
video, and file attachments all within the single 
platform. Includes sound (a small chirp) and 
browser badge alerts to notify users of new 
messages. 

Markdown 
support

Enables users to preview and apply basic text 
formatting (e.g., bold, italicize, lists, links) by 
typing Markdown syntax into the message box. 
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Figure 2: ECHO interface illustrating message delivery status, progress bars, 
and unread message indicators. The blue boxes show delivery states (“in tran-
sit” and “delivered”) displayed beside each message timestamp. The red box-
es highlight progress bars for messages HAB-6 and HAB-7, sent by different 
crew members, which are expected to arrive in approximately 3 and 10 min-
utes, respectively, under the 20-minute OWLT delay used in this example. Once 
a message is delivered, as shown for MCC-5, its progress bar disappears. The 
green boxes indicate unread message counts, showing one unread message in 
the private chat with “MCC #2” and two unread messages with “MCC #1,” one 
of which is marked high-priority by red double exclamation marks.

Figure 3: ECHO interface showing threaded conversations for organizing dis-
cussion topics. The conversation panel (green border) displays the control to 
create a new thread, the list of existing threads, and the currently active “Plant 
Production” thread. The chat panel on the right shows the message exchange 
within the active thread.
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Figure 4: ECHO interface illustrating out-of-sequence message indicators. In 
this example, message HAB-3 was sent before MCC-2 but received afterward 
due to transmission delay, triggering the out-of-sequence notification from the 
mission control perspective.

Results and Discussion

ECHO’s usability was evaluated 
across three ILMAH missions 
(XV–XVII), yielding 56 total 

survey responses. The average Sys-
tem Usability Scale score exceeded the 
68th percentile benchmark, indicat-
ing above-average usability despite the 
complexity of delayed communication 
operations. Acceptability ratings were 
generally positive but highlighted ar-
eas for improvement, such as mobile 

compatibility and search functionality 
(Schor, 2024).

Figure 5 shows the ranking of 
user features. The visual progress bar 
and timestamped delivery indicators 
consistently ranked as the most valu-
able features, helping users visualize 
message flow and maintain awareness 
of delay effects. The important message 
flag was also widely praised for effec-
tively drawing attention to critical com-
munications.
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Figure 5: Results from Delphi study where participants ranked  
of ECHO features helping to mitigate effects of delay.

Role-based differences emerged: 
mission controllers valued audiovisu-
al notifications for multitasking, while 
crew members prioritized private mes-
saging for personal and operational 
exchanges. Participants also suggested 
improvements such as message search 
tools, bookmarks, and templates for 
common messages, indicating the need 
for more advanced information man-
agement within the system.

Conclusions

This study introduced and eval-
uated ECHO, an open-source 
tool designed to simulate and 

mitigate interplanetary communication 

delays. Results from multiple analog 
missions demonstrated that carefully 
designed interfaces can reduce confu-
sion, improve awareness, and enhance 
user confidence when operating under 
high-latency conditions. ECHO’s visual 
delay indicators and priority messaging 
tools were especially effective in helping 
users manage expectations and main-
tain communication flow. Its open-
source, web-based architecture enables 
broad adoption and customization for 
future analog and educational research.

Future work will focus on imple-
menting advanced search and message 
management features and improving 
mobile interface. Since its initial release 
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in 2021, ECHO has been used in more 
than ten missions at the ILMAH mis-
sions, two missions at Flashline Mars 
Arctic Research Station (FMARS), and 

continues to serve as a practical foun-
dation for studying the human and 
operational impacts of interplanetary 
communication delays.
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