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Abstract. The purpose of the current study was to analyze the work of imagery
analysts associated with Sagebrush, a Synthetic Aperture Radar (SAR) imaging
system, using an adapted version of cognitive work analysis (CWA). This was
achieved by conducting a work domain analysis (WDA) for the system under
consideration. Another purpose of this study was to describe how we adapted
the WDA framework to include a sequential component and a means to expli-
citly represent relationships between components. Lastly, we present a simpli-
fied work domain representation that we have found effective in communicat-
ing the importance of analysts’ adaptive strategies to inform the research strate-
gies of computational science researchers who want to develop useful algo-
rithms, but who have little or no familiarity with sensor data analysis work.
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1 Introduction

Remote sensing domains are common and complex work domains comprising mul-
tiple subsystems, components and actors. Such systems provide society with a wide
range of information products, from space weather to patterns of change in land use.
As remote sensing platforms become more sophisticated, the human actors responsi-
ble for managing and analyzing data feeds are increasingly facing a “data deluge” that
will inevitably change how data consumers interact with the information products
derived from remotely sensed systems. Automated support for analysis is a neces-
sary evolution. However, because sensor data analysis is a highly interpretive
process shaped by contextually-specific goals, automated analytical systems present
significant design challenges for algorithm and software developers.

In this paper, we discuss the use of cognitive work analysis (CWA) methods, spe-
cifically work domain analysis, and the construction of an abstraction hierarchy, to
decompose one sub-domain of a remote sensing data analysis workflow associated
with the Sagebrush system, a Synthetic Aperture Radar (SAR) platform used to gen-
erate ground image data for a wide range of civilian and military applications. We
provide a brief overview of the Sagebrush system and summarize the research and
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design challenges that motivated our study of one sub-domain in the larger Sagebrush
workflow. We then describe some of the difficulties we encountered in using CWA
representations to communicate our findings. This difficulty motivated us to evolve
some elements of CWA into representations and terminology that enhance under-
standing of the methodology’s power. We discuss how our products are being used
by algorithm and software experts to develop and evaluate new algorithms, software
and visualization platforms to enhance the analysis of SAR data and image products.

2 The Sagebrush System

Sagebrush refers to a family of SAR sensors that are used to support a wide array of
civilian and military ground operations in multiple locations throughout the world.
Taken in its entirety, Sagebrush is a large, complicated work domain that includes a
wide array of sites, operators and analysts, platforms, networks, locations, worksta-
tions, offline and off-site databases, communications platforms, qualitative and quan-
titative data, and copious amounts of imagery.

The research that we are pursuing focuses on the perceptual and cognitive work of
imagery analysts associated with Sagebrush sensing platforms.  As is true with most
remote sensing systems, data generated by the Sagebrush system goes through several
stages of processing, review, information extraction, and knowledge product creation.
Analysts at the front-end of the sensor perform — the so-called “near-real time” ana-
lysts — perform rapid triage, assessment and communication of trends and events and
trendss for Sagebrush’s stakeholder community. Other groups of analysts work with
Sagebrush products in an “offline” process that generates longer-term, strategic as-
sessments of trends and events. Such offline analyses shape the planning and im-
plementation of Sagebrush missions and even the development of next-generation
Sagebrush hardware and software.

The CWA activities describe in this paper focused on the domain of “offline analy-
sis.” Offline Sagebrush analysts are responsible for assessing the correctness, com-
pleteness and overall performance of fielded Sagebrush systems. Their job involves
not only analysis of Sagebrush data products, but also the incorporation of several
types of auxiliary data (e.g., weather, agricultural activity, animal movement) to de-
velop richer evaluations of trends and events rendered in the sensor data. Associated
tasks include the retrospective analysis of radar imagery data (i.e., analyzing the fea-
tures of an image that contains evidence of ground changes or signatures of ongoing
trend); classification of events and trends captured in the imagery; evaluation of the
periodicity of scene changes to identify emerging trends; and helping fielded Sage-
brush teams improve their performance with richer contextual data for trend analysis.
The specific tasks associated with this offline analytic workflow are labor intensive,
cognitively demanding, and require extensive domain knowledge about the sensor,
the terrain being imaged, the operational requirements of fielded teams, and the needs
and requirements of Sagebrush stakeholder groups.

Figure 1 shows the basic flow of information and data from the sensor to the of-
fline analytic domain described in this paper. As shown, the Sagebrush sensor gene-
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rates radar data that is rendered in pixelated imagery. This imagery is then transmitted
to both off-site and local servers for storage. In addition, analytic teams deployed with
these platforms perform “near-real time” triage of data products identify and charac-
terize events and trends for Sagebrush stakeholders. These near-real time products
and associated imagery and sensor data are then transmitted to a variety of other con-
sumers, including Sagebrush offline analysts. Together, these sensor data, imagery
and near-real time analytic products comprise the critical information resources for
Sagebrush’s offline analytic work.

Off -site Ground
Server Repart Determine iU
Transmitted to
Off-site
Rad Rad Analyst
e Generates e £nalyzed by e Near-red System
sensor Im agery in near- Offline |
Success
. time Analyzed by
real time 4 Analysts
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Fig. 1. Basic Work Flow for Sagebrush Data and Imagery Analysis

Every day, Sagebrush offline analysts log into their computers to determine if new
image products, reports, and sensor data are waiting for review and evaluation. They
also review all events and trends reported by other off-site agencies. This requires a
review of radar imagery generated by their sensors and reports generated by off-site
agencies. One result of this analysis is a list of all the events and trends that have
occurred during a particular time period in an area being imaged by Sagebrush radar
platforms, creating a set of assessments that the analysts describe as ‘ground truth.’
Sagebrush owners use this ground truth to determine the effectiveness of their system
in meeting all stakeholder information requirements. In addition, the offline ana-
lysts continually revise and update a database of ground trends and events that can be
disseminated to a much wider operational community.  Essentially, Sagebrush’s
offline analysts take products generated by their counterparts and put them into a
broader, longer-term context that enables not only evaluation of fielded system per-
formance, but the enrichment of the entire Sagebrush community’s collective know-
ledge about operationally-significant events and trends in the areas under study.

2.1  Motivating Context for This Research

Because SAR systems provide all-weather sensing capabilities and are relatively easy
to mount on a variety of airborne platforms, they are becoming increasingly popular
for a wide range of remote sensing tasks. As the volume and diversity of SAR imag-
ing missions expands, stakeholders are grappling with floods of sensor data and are
seeking new ways to analyze sensor data, beyond the standard “eyes-on-imagery”
paradigm that dominates remote sensing analysis. Our team is part of a larger
project called PANTHER - Pattern ANalytics to support High-performance Exploi-
tation and Reasoning — funded by Sandia National Laboratories in Albuquerque, NM.
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PANTHER researchers are pursuing new algorithms, software architectures, and vi-
sualization platforms to enable human analysts to realize the information value of
remotely sensed datasets. Studies of working analysts are critical to understanding
how humans interact with sensor datasets, so that software designers can develop
usable, useful and adoptable technologies that demonstrably enable people to extract
meaningful information from these datasets.

3 Cognitive Work Analysis

Within PANTHER, our team was tasked with studying the current work processes of
Sagebrush analysts and generating ideas and requirements for algorithms, architectures
and visualizations to enhance analytic work. To address this challenge, we conducted a
CWA study. CWA is an evolution of cognitive task analysis (CTA) methods that was
specifically designed for complex systems with uncontrolled, uncertain environments
[1-3]. CTA provides detailed analysis of discrete, predefined task sequences performed
by individuals; in contrast, CWA decomposes an entire work domain, then asks ques-
tions about how operators navigate toward domain-specific goals using resources at
hand. In doing so, CWA reveals the creative work of domain experts operating com-
plex systems under conditions of uncertainty and constraint, and how we can design
systems in ways that will enhance operator performance. CWA is increasingly recog-
nized as a valuable framework for eliciting and documenting the human activities asso-
ciated with a technological system: the tasks and activities that human operators per-
form, the behavior resulting from their interaction with the system, their work context,
and the goals and purpose that motivate their actions [2], [3].

Additionally, although CWA has been applied to many domains, a recent review
[4] indicates that sensor data analysis — a highly visual and individualized form of
work — is not one of them. Thus, one purpose of the current study was to evaluate the
usefulness of CWA approaches, specifically work domain analysis, for informing the
design of statistical and graph-based algorithms to mine patterns in very large sensor
datasets. A second purpose was to describe how we adapted the work domain analysis
framework, as proposed by Vicente [3] and Naikar et al. [2], to include a sequential
component, a means to explicitly represent relationships between components, de-
tailed explanations of the different abstractions that exist within a system hierarchy,
and how outputs from this analysis can be used as direct inputs for a system interface.
Lastly, we present a simplified work domain representation that we have found effec-
tive in communicating the importance of analysts’ adaptive strategies to inform the
research strategies of computational science researchers who want to develop useful
algorithms, but who have little or no familiarity with sensor data analysis work.

3.1  Work Domain Analysis (WDA)

Overview. Lintern describes a work domain as “an intentional-functional-physical
space in which work can be accomplished.”[5] He explains that intention refers to the
system’s purpose and that function denotes an “activity-independent capability to
accomplish something specific.” Essentially, WDA is a means for practitioners to
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identify the purposes and constraints of a system and to describe system components,
and their interactions and relationships in operators’ work. WDA is the first phase of
CWA and has been used in a variety of domains to inform system interface design
(for a review, see [4]). The representational product of WDA is an abstraction hie-
rarchy (AH). This tool is a hierarchical representation that describes the system in
terms of its functional purpose, values and priority measures, purpose-related func-
tions, object-related processes and physical objects. The following is a summary of
the different levels of abstraction proposed by [2]:

Table 1. The abstraction axis of the Abstraction Hierarchy

Abstraction Level Description

Functional Purpose The purposes of the work system and the external

constraints on its operation

Values and Priority Measures | The criteria that the work system uses for measur-

ing its progress towards the functional purpose

Purpose-related Functions The general functions of the work system that are

necessary for achieving the functional purpose

Object-related Processes The functional capabilities and limitations of

physical objects in the work system that enable
the purpose-related functions

Physical Objects The physical objects in the work system that af-

ford the object related processes

4

Completing the WDA

We adapted the nine steps proposed by [2] for completing a WDA. The abstraction
hierarchy was developed as a tool to deconstruct the work domain.

1.

Establish the purpose of the analysis: The purpose of this analysis was to decon-
struct the offline synthetic aperture radar work domain in order to determine if op-
erator goals and tasks are currently supported by the system and to develop design
recommendations for tools that support these goals.

. Identify the project constraints: The project was constrained by the type of anal-

ysis tools that the authors could use to observe offline radar imagery analysts’
work. Analysts work in a classified environment. Thus recording software tools
were prohibited. Other project constraints included resource constraints and time.

. Identify the boundaries of the analysis: This analysis focuses solely on the work

domain in which offline analysts perform.

. Identify the nature of the constraints in the work domain: The timeframe in

which analysts perform their duties varies. Sometimes, analysts are unable to per-
form their work because imagery is absent or equipment is especially slow. Proce-
dural work constraints exacerbate this problem. It may take days or weeks for
technicians to fix software and/or hardware related issues. Other constraints in-
clude political constraints, and mission constraints which are outside the scope of
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this analysis. Analysts have a specific set of operationally defined work require-
ments. These are explicit and analysts do not deviate from them.

5. Identify the sources of information for the analysis: We interviewed and ob-
served two offline radar imagery analysts for approximately 50 hours. Analysts
performed verbal walkthroughs of their work for many different types of imagery
events and trends. These walkthrough also included discussions about imagery, dif-
ferent reports, and analyst-developed software applications. We also attended ana-
lysts’ weekly meetings where they are briefed about factors that may influence the
way that they perform their work

6. Construct the AH with readily available sources of information: The AH was

constructed with the sources of information described in step 5.

Construct the AH by conducting special data collection exercises: The data col-

lection exercises included structured interviews, observations, and attendance at

analysts’ weekly meetings. Data collection lasted over a period of months from

April until August of 2013.

8. Review the AH with domain experts: We asked analysts to provide feedback
about the accuracy of our representations of their tasks, work flow etc. throughout
the entire study.

9. Validate the AH: We plan to complete this step during a future study.

N

5 Results

Figure 2 shows a completed AH for the system under consideration based on [2] and

[3].
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Fig. 2. Abstraction Hierarchy for offline analysis of the Sagebrush SAR system

We began constructing this representation by examining the physical objects that
analysts use (Figure 3). This layer is shown at the bottom of the hierarchy and in-
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cludes software objects such as databases, scripts, and offline applications. One-to-
one mappings between tools and different analyst processes do not exist within this

system. Instead, each process uses a selection of tools that overlaps with other
processes.

Physical offfine S Directed ;:::;?ls Off-site Offsite Radar rff:::: Offline
Obiects database 1 T | areaof study i detabase reports imagery S database 2

Fig. 3. Physical objects of the system

We then spoke to analysts about how these objects are used to accomplish specific
processes (Figure 4). For example, the offline database serves as storage for events
and trends and a means for offline analysts to track the progress of their analysis. In
addition, the area of study for all events and trends and the directed area of study for
events and trends are represented by visualizations that allow analysts to obtain a
cursory understanding of time and place for imagery features.
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Fig. 4. The physical objects and associated processes layer of the AH

The purpose-related function layer of the abstraction hierarchy (Figure 5) consists
of higher-level functions that are associated with object-related processes and the
values and priority measures of the system. For example, analysts view geospatial
information of image features in order to determine when the imagery was taken.
They view the visual features in order to determine if specific events and trends are
present in the imagery. This layer often reveals gaps between system functions and
their associated object-related processes and priority measures.
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Fig. 5. Object-related processes and their purpose-related functions

Figure 6 shows how the purpose-related functions of the system can be accom-
plished through a set of values and priority measures. The values and priority
measures of the system have great utility in terms of characterizing and sometimes
measuring behaviors in complex systems. As shown, one way to achieve system suc-
cess is to minimize the false alarm and miss rate for offline analysts. Analysts achieve
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this through correctly determining when events and trends occurred, by determining
when the imagery was taken, and by coordinating events among other analysts.
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Fig. 6. The values and priority measures of the system’s purpose-related functions

The top of the AH shows the functional purpose of the system. Although there are
several purposes, we have only reported one due to space limitations. As shown in
Figure 7, the functional purpose of the system is to determine system success. This is
measured by all of the values and priority measures shown.
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Fig. 7. The functional purpose of the AH is measured through the values and priority measures

5.1 Evaluation of WDA Framework

Although [2] and [3] provide a framework that has great utility for representing com-
plex systems, it is not a universal solution for every domain. By showing the connec-
tions between the different layers, one can certainly see how system components are
related on a higher level. However, one cannot make a determination about the quality
of these relationships nor can they ascertain whether the system adequately supports
particular functions and processes. Similarly, most WDA practitioners do not include
contextual features such as sequence. Sequential steps are usually analyzed indepen-
dently of WDA analysis during CTA or HTA. However, these methods can comple-
ment WDA. Sequence may provide more context for design requirements.

Moreover, although the nine-step methodology developed by [2] provides an over-
view of the steps required to perform WDA, the steps are ambiguous at best. The
particular details of the steps are lacking. For example, step 6 states to complete the
AH with readily available information. However, it gives no further guidance about
how to do this. New practitioners would be unlikely to know where to begin.

5.2  Adapted WDA Framework

In order to accomplish our analysis of the system under consideration, we added de-
tails to the original WDA methodology for completing an AH. Firstly, as mentioned
previously, step 6 states to complete the AH with readily available information. We
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suggest beginning this step by populating the bottom of the AH. This can be accom-
plished by creating an inventory of the system’s physical objects and their associated
processes. Afterwards, complete the top of the AH by determining the functional
purpose of the system. The middle layers are easily the most difficult to understand
and represent. Further guidance is needed to move these levels from a philosophical
framework to more concrete representations that can inform design.

We also suggest the addition of a step between 7 and 8 in Naikar’s nine-step me-
thodology: construct complimentary data representations. After constructing the AH
based on information obtained from the data collection exercises, we organized the
components of the hierarchy by the sequence in which they are used and by their
function rather than through a vertical dimension proposed by [3]. Then, we com-
pleted the bottom of the AH by conducting a separate hierarchical task analysis [6].
We grouped physical objects by function and by sequence to provide more context to
develop system design requirements. In addition, we represented the relationships
between items in the AH (e.g., not supported, weakly supported, adequately sup-
ported) by drawing different types of lines (e.g., dashed lines represent weak support,
solid lines denote adequate support, and missing lines denote a lack of support). This
also allows a level of system transparency that is not present in previous frameworks.
Essentially, it allows practitioners to easily see the relationships between components
of the work domain without extensive interpretation.

Figure 8 is an AH completed using the adapted framework suggested above:
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Fig. 8. Adapted HA for a synthetic aperture radar system

database 2

As shown in Figure 8, we created an inventory of the physical objects of the sys-
tem. This is represented as the bottom layer of the hierarchy. These are mostly soft-
ware objects. We ordered this inventory to correspond to the operating sequence of
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the system: prescreening, events and trends analysis, and post-screening. Objects were
also grouped according to function including task assignment, geospatial context,
textual context, events and trends confirmation, and outputs.

As mentioned previously, the lines between the layers represent relationships be-
tween objects, processes, functions, measures and purposes. Traditional CWA
represents all of these relationships by drawing the same solid line. However, all rela-
tionships are not equal. Thus, by depicting the differences between these interactions,
practitioners can more easily determine areas for improvement. For example, offline
database 1 is used to store events and trends. Essentially, it is a spreadsheet that con-
tains a list of events and trends that have occurred within a particular geospatial time-
frame. The solid line indicates that this function (store) is adequately supported by its
tool (database). However, searching for specific events and trends types is weakly
supported by the tools in the current system. Offline analysts can search only for a
subset of events and trends types, which excludes many other types. A dashed line
represents the weak support for this process. Similarly, the situation awareness tools
require manual transfer of information and von-screen visually matching. This may
increase the likelihood for human error. Thus, this relationship was designated as
weak because the system does not optimize human capabilities and limitations for this
process. Thus, the line is dashed between the off-site reports and searching for events
and trends types.

The bolded boxes show functions that are weakly supported by the current system.
This is perhaps where the most improvement can occur. For example, one function of
the system is to trend image features. However, analysts’ ability to do this is inhibited
by the tools they use and the processes that allow them to complete their work. Al-
though they may be able to trend particular features, the system does not represent or
catalog the full suite of imagery features.

5.3 A simplified Explanation of the AH

Unless one has extensive experience creating and reading abstraction hierarchies, it is
often difficult to understand the messages they convey. We suggest a simplified ex-
planation of the AH developed by Ganter [7]: As shown in Figure 9, the AH shows
the connections between why the system exists at the top (i.e., its functional purpose),
what it consists of (i.e., values and priority measures, purpose-related functions), and
how it functions (e.g., physical objects) at the bottom. Essentially, it is a system
hierarchy. Each level of the hierarchy has a different time horizon [7]. The functional
purpose of a system evolves slowly often over years. This includes the mission, goals
and constraints of the system. Similarly, the physical objects at the bottom of the hie-
rarchy also evolve slowly because this change requires both design and execution of
this design.

However, the middle of the hierarchy can evolve quickly. We adopt Ganter and
colleagues’ definition of the collection of middle phases as the zone of adaptation (see
Figure 9). It is in this zone of adaption where operators can enact change quickly by
adjusting goals and tasks [7]. In effect, the human actors adjust and revise their men-
tal models of the system through dialog and learning. By examining this zone of
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adaptation, we can learn what operators do with new system capabilities to achieve
enduring goals. These changes may in turn suggest new ways to levy engineering
capabilities.

Table 2. The Abstraction Hierarchy decomposes a system into why, what and how layers with
different times scales [7]

Functional Purpose
Why Mission, goals, constraints Evolves slowly (years)
Zone of Adaptation: object related
processes, purpos'e-r.elated functions, Changes rapidly in re-
What values and priority measures sponse to situations and
Goals: what needs to be accomplished
. . events
Tasks: Actions by operators to achieve
goals
How Physical Objects EVOIVGSIZI(;)IY:;}S’)(dayS fo
Hardware, software, algorithms
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