
Supporting and Exploiting
Spatial Memory in User

Interfaces

Joey Scarr
University of Canterbury

joey@cosc.canterbury.ac.nz

Andy Cockburn
University of Canterbury

andy@cosc.canterbury.ac.nz

Carl Gutwin
University of Saskatchewan

gutwin@cs.usask.ca

Boston — Delft

Full text available at: http://dx.doi.org/10.1561/1100000046



Foundations and Trends R© in
Human-Computer Interaction
Published, sold and distributed by:
now Publishers Inc.
PO Box 1024
Hanover, MA 02339
United States
Tel. +1-781-985-4510
www.nowpublishers.com
sales@nowpublishers.com

Outside North America:
now Publishers Inc.
PO Box 179
2600 AD Delft
The Netherlands
Tel. +31-6-51115274

The preferred citation for this publication is

J. Scarr, A. Cockburn, C. Gutwin. Supporting and Exploiting Spatial Memory in
User Interfaces. Foundations and TrendsR© in Human-Computer Interaction,
vol. 6, no. 1, pp. 1–84, 2012.

This Foundations and TrendsR© issue was typeset in LATEX using a class file designed
by Neal Parikh. Printed on acid-free paper.

ISBN: 978-1-60198-747-1
c© 2013 J. Scarr, A. Cockburn, C. Gutwin

All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means, mechanical, photocopying, recording
or otherwise, without prior written permission of the publishers.

Photocopying. In the USA: This journal is registered at the Copyright Clearance Cen-
ter, Inc., 222 Rosewood Drive, Danvers, MA 01923. Authorization to photocopy items for
internal or personal use, or the internal or personal use of specific clients, is granted by
now Publishers Inc for users registered with the Copyright Clearance Center (CCC). The
‘services’ for users can be found on the internet at: www.copyright.com

For those organizations that have been granted a photocopy license, a separate system
of payment has been arranged. Authorization does not extend to other kinds of copy-
ing, such as that for general distribution, for advertising or promotional purposes, for
creating new collective works, or for resale. In the rest of the world: Permission to pho-
tocopy must be obtained from the copyright owner. Please apply to now Publishers Inc.,
PO Box 1024, Hanover, MA 02339, USA; Tel. +1 781 871 0245; www.nowpublishers.com;
sales@nowpublishers.com

now Publishers Inc. has an exclusive license to publish this material worldwide. Permission
to use this content must be obtained from the copyright license holder. Please apply to
now Publishers, PO Box 179, 2600 AD Delft, The Netherlands, www.nowpublishers.com;
e-mail: sales@nowpublishers.com

Full text available at: http://dx.doi.org/10.1561/1100000046



Foundations and Trends R© in
Human-Computer Interaction

Volume 6, Issue 1, 2012
Editorial Board

Editor-in-Chief

Ben Bederson
University of Maryland
United States

Editors

Gregory Abowd
Georgia Institute of Technology
Batya Friedman
University of Washington
Jon Froehlich
University of Maryland
Jonathan Grudin
Microsoft Research
Jason Hong
Carnegie Mellon University
Juan Pablo Hourcade
University of Iowa
Karrie Karahalios
University of Illinois
at Urbana-Champaign
Gary Klein
The MITRE Corporation

Joe Konstan
University of Minnesota
Chris North
Virginia Tech
Yvonne Rogers
University College London
Orit Shaer
Wellesley College
Desney Tan
Microsoft Research
Kentaro Toyama
UC Berkeley
Jacob Wobbrock
University of Washington

Full text available at: http://dx.doi.org/10.1561/1100000046



Editorial Scope

Topics

Foundations and Trends R© in Human-Computer Interaction publishes
surveys and tutorials on the foundations of human-computer interac-
tion. The scope is broad. The list of topics below is meant to illustrate
some of the coverage, and is not intended to be an exhaustive list.

• History of the research
community

• Design and evaluation

• Theory

• Technology

• Computer supported
cooperative work

• Interdisciplinary influence

• Advanced topics and trends

Information for Librarians

Foundations and Trends R© in Human-Computer Interaction, 2012, Vol-
ume 6, 4 issues. ISSN paper version 1551-3955. ISSN online version
1551-3963. Also available as a combined paper and online subscription.

Full text available at: http://dx.doi.org/10.1561/1100000046



Foundations and Trends R© in Human-Computer
Interaction

Vol. 6, No. 1 (2012) 1–84
c© 2013 J. Scarr, A. Cockburn, C. Gutwin

DOI: 10.1561/1100000046

Supporting and Exploiting Spatial Memory in
User Interfaces

Joey Scarr
University of Canterbury

joey@cosc.canterbury.ac.nz

Andy Cockburn
University of Canterbury

andy@cosc.canterbury.ac.nz

Carl Gutwin
University of Saskatchewan

gutwin@cs.usask.ca

Full text available at: http://dx.doi.org/10.1561/1100000046



Contents

1 Introduction 2

2 The Psychology of Spatial Memory 6
2.1 Navigation vs. memory for object locations . . . . . . . . . 7
2.2 Working memory . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Long-term memory . . . . . . . . . . . . . . . . . . . . . 9
2.4 Spatial reference systems . . . . . . . . . . . . . . . . . . 15

3 Observable Properties of Spatial Memory 18
3.1 Retrieval time . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 The role of effort in forming spatial memories . . . . . . . 28
3.4 Retention . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.5 Variation in ability . . . . . . . . . . . . . . . . . . . . . . 33
3.6 Perception of ability . . . . . . . . . . . . . . . . . . . . . 34
3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4 Interfaces and Spatial Memory 37
4.1 Single-view spatial displays . . . . . . . . . . . . . . . . . 38
4.2 Viewports and spatial memory . . . . . . . . . . . . . . . 44
4.3 Distorting space . . . . . . . . . . . . . . . . . . . . . . . 50
4.4 Non-visuospatial cues and feedback . . . . . . . . . . . . . 57

ii

Full text available at: http://dx.doi.org/10.1561/1100000046



iii

5 Conclusions 62

Acknowledgements 66

References 67

Full text available at: http://dx.doi.org/10.1561/1100000046



Abstract

Spatial memory is an important facet of human cognition – it allows
users to learn the locations of items over time and retrieve them with lit-
tle effort. In human-computer interfaces, knowledge of the spatial loca-
tion of controls can enable a user to interact fluidly and efficiently, with-
out needing to perform slow visual search. Computer interfaces should
therefore be designed to provide support for developing the user’s spa-
tial memory, and they should allow the user to exploit it for rapid
interaction whenever possible. However, existing systems offer varying
support for spatial memory. Many break the user’s ability to remember
spatial locations, by moving or re-arranging items; others leave spatial
memory underutilised, requiring slow sequences of mechanical actions
to select items rather than exploiting users’ strong ability to index items
and controls by their on-screen locations. The aim of this paper is to
highlight the importance of designing for spatial memory in HCI. To do
this, we examine the literature using an abstract-to-concrete approach.
First, we identify important psychological models that underpin our
understanding of spatial memory, and differentiate between navigation
and object-location memory (with this review focusing on the latter).
We then summarise empirical results on spatial memory from both the
psychology and HCI domains, identifying a set of observable proper-
ties of spatial memory that can be used to inform design. Finally, we
analyse existing interfaces in the HCI literature that support or disrupt
spatial memory, including space-multiplexed displays for command and
navigation interfaces, different techniques for dealing with large spatial
data sets, and the effects of spatial distortion. We intend for this paper
to be useful to user interface designers, as well as other HCI researchers
interested in spatial memory. Throughout the text, we therefore em-
phasise important design guidelines derived from the work reviewed, as
well as methodological issues and topics for future research.

J. Scarr, A. Cockburn, C. Gutwin. Supporting and Exploiting Spatial Memory in
User Interfaces. Foundations and Trends R© in Human-Computer Interaction,
vol. 6, no. 1, pp. 1–84, 2012.
DOI: 10.1561/1100000046.
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1
Introduction

Spatial memory plays an important part in our day-to-day lives. In
the physical world, our ability to recall spatial information enables us
to locate items in our homes without having to search, automatically
navigate in previously-encountered environments, drive to work with-
out the use of a map, and perform many other activities that would
otherwise require substantial cognitive and physical effort.

Evidence that spatial memory is a particularly powerful capabil-
ity of the human brain can be found in mnemonic literature [186, 13],
and dates back thousands of years. The ancient Greeks and Romans
used spatial mental organisations based on the architecture of the time,
known as memory palaces, to connect, organise, and memorise unfa-
miliar ideas, particularly for the purposes of public speaking. This was
called the method of loci. By embedding key images representing topics
in a mental representation of a spatial environment, such as the rooms
in a familiar building, orators were able to memorise extremely long
sequences of topics. These could then be retrieved by mentally walking
through the building and viewing the images in their respective spatial
locations [186, 13].

In human-computer interaction, spatial memory provides many of

2
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3

the same benefits as in the real world: a strong spatial knowledge of
interface layouts and control locations, particularly in graphical user
interfaces, allows users to substantially reduce the cognitive and phys-
ical effort required for interaction. Evidence for the benefits provided
by spatial memory can be found in the strong correlation between mea-
sures of spatial ability and interface performance [55, 104, 130]. Users
who are unfamiliar with an interface must spend considerable time
searching for controls, because the time to perform visual search is pro-
portional to the number of items [80, 129, 152, 24]. In contrast, users
who are familiar with a spatially-stable interface do not need to carry
out visual search, and can instead simply retrieve item locations. This
is much faster than searching because retrieval time is a logarithmic
function of the number of items [73, 83, 24].

Furthermore, extensive spatial knowledge of an application’s con-
trols enables interaction automaticity [150], which substantially frees
the user’s cognitive resources from the need to consider interface mech-
anisms, allowing the user to instead focus on higher-level task consider-
ations. Spatial knowledge of the locations of controls can also decrease
the frustration that arises from the need to search for unfamiliar con-
trols or controls that have moved. We therefore contend that allowing
and encouraging users to utilise their spatial memory whenever possible
should be an important goal for interface designers.

Broadly speaking, there are two classes of task that spatial mem-
ory can be applied to: navigating through environments (e.g., [112]),
and remembering object locations (e.g., [137]), with only partial cor-
relations in spatial ability between the two [71, 20]. The former task
is relevant within certain aspects of HCI, such as navigation through
virtual environments (e.g., [32, 144]). The latter task of object location
memory, in contrast, is a fundamental component of everyday interac-
tion with computing systems, such as finding items in a menu, finding
files on a desktop, or finding apps on an iPhone home screen. The psy-
chology literature reviewed in this paper therefore focuses mainly on
object location memory rather than navigation, although we do refer
to navigation literature in situations where the findings are broadly
applicable.

Full text available at: http://dx.doi.org/10.1561/1100000046



4 Introduction

Our review has three primary goals: first, to summarise the state
of HCI and psychology research on spatial memory, in order to pro-
vide an introduction for newcomers to the field; second, to provide
design guidance in the form of heuristics for user interface engineers,
enabling rapid development of interfaces that support spatial memory;
and third, to provide methodological advice and identify promising di-
rections for future research. To this end, in each section we extract and
formalise key lessons from the literature into ‘UI Design Guidelines’
for interface designers and ‘Methodological Cautions’ for researchers;
similarly, when results are unclear or useful knowledge is missing from
the literature, we identify specific ‘Research Questions’ that indicate
promising avenues for future research.

This review is structured as follows. First, we begin by describing
underlying psychological models of spatial memory; we then review
the empirically-observable properties of spatial memory; and in later
sections we describe concrete exemplars of user interfaces that exploit,
affect, or are affected by spatial memory. This progression from abstract
to concrete allows us to frame results from the HCI domain in terms
of underlying psychological principles, better enabling the generation
of general design recommendations.

To elaborate, in Chapter 2, we introduce a set of baseline models
and principles from the cognitive psychology literature on spatial mem-
ory. We provide evidence distinguishing object memory from naviga-
tion, examine Baddeley’s model of working memory, discuss the mech-
anisms by which long-term memories form and decay, and examine
spatial reference systems.

Next, in Chapter 3, we turn our attention to the observable proper-
ties of spatial recall: that is, empirically-verifiable characteristics that
can be used to inform design. Here, we draw conclusions from literature
in both the cognitive psychology and HCI domains, investigating the
time taken to retrieve spatial information from memory, recall accu-
racy, the effects of effortful and incidental learning, the capacity and
longevity of spatial memory, variation between individuals, and per-
ceptions of performance. In each of these sections, our goal is to draw
conclusions about how best to design user interfaces to take advantage

Full text available at: http://dx.doi.org/10.1561/1100000046
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of human spatial abilities.
The findings in these two chapters provide a context for Chapter 4,

which presents a summary and analysis of interfaces in HCI research
that support, disrupt, or otherwise interact with the user’s ability to
utilise their spatial memory. We consider space-multiplexed command
and navigation interfaces that utilise the whole screen, as well as ways
to deal with information spaces that are much larger than the display
(such as pan+zoom, scrolling, and overview+detail interfaces); we also
consider the ways that interface designs can lead to location changes
or distortions of space, and how these strategies affect spatial memory.
Finally, we look at differences between interaction techniques, and how
extra cues (such as proprioceptive or auditory feedback) can enhance
spatial understanding.

We intend that the design lessons and research directions high-
lighted in the paper will stimulate productive future research and de-
velopment of interfaces that support and make use of human spatial
memory.
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