
In field archaeology, analysis of an excavat-ed region is a meticulous process requiring

exploration at a variety of levels. While the act of exca-

vation offers the best way for archaeologists to monitor

close-range details, they can use empirically based

analysis to analyze only the findings to which they them-

selves have been exposed. With a

team of people excavating, synthe-

sizing the wealth of observation

from one year to the next is difficult.

Archaeologists also use quantitative

methods to compare findings

throughout the site over time to pin-

point base trends among recorded

artifact typologies.1 Quantitative

approaches, unfortunately, are

often limited because they lack a

spatial component—explicit infor-

mation about the physical 3D rela-

tionships among the excavated

objects and the site.

In this article, we chronicle a col-

laborative effort (from 1997 to the

present) with Petra Great Temple

archaeologists to augment tradi-

tional analysis approaches. We

introduce new archaeological analysis tools that com-

bine novel visualization and interaction techniques

within a Cave Automatic Virtual Environment (CAVE).2

These tools

■ give archaeologists access to formerly inaccessible

parts of the archaeological record;

■ support navigation and interaction with virtual

trenches, stratigraphy, artifacts, and architecture; and

■ preserve and display the spatial relationships present

before excavation.

Using an iterative approach and working with archae-

ologists from the Brown University-sponsored excava-

tions at Petra, Jordan, we built four successive prototypes,

each of which refined tools from earlier prototypes and

added new tools to help users query, navigate, and

explore site findings in three dimensions and at different

scales. The tools incorporated new visual representations

for the many data values associated with each artifact to

highlight patterns and anomalies in the record. 

Evaluation of the fourth and final prototype shows

that our system provides an environment and tools that

facilitate empirical analysis by familiarizing team mem-

bers with data from many years. It also lets multiple

team members corroborate observations while exam-

ining the record together. Finally, it provides a model of

the excavation site where quantitative results can be

visualized in context with other aspects of the data col-

lected on site. The “Related Work” sidebar discusses

other researchers’ efforts to develop similar tools.

Petra Great Temple
Figure 1 shows Jordan’s Petra Great Temple site,

which was the underlying focus of our archaeological

tool development. Some of the most important research

questions archaeologists at Petra ask during excavation

and site analysis include these:

■ What’s the chronology of the architectural phases at

the Petra Great Temple precinct? 

■ What was the temple’s function?

■ What did the Temple look like before it was

destroyed?

■ During what time period was the temple and its

precinct in use?

Archaeologists establish hypotheses and use a vari-

ety of on- and off-site inquiry methods to answer these

questions, as the “Archaeological Analysis: Current Prac-

tice” sidebar (on p. 40) explains. Unfortunately, it isn’t

always possible to answer them using traditional

approaches alone. If given new methods to analyze

aspects of the archaeological record that are currently

difficult to analyze, archaeologists’ ability to resolve cru-

cial questions will be enhanced.
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Related Work
The search for new methods to analyze exca-

vation findings began around the time that arch-
aeologists standardized data-collection processes
for cataloging field information in the latter part of
the 20th century. Archaeologists quickly adopted
quantitative methods to analyze their findings
because they now had immense amounts of
physical data. Yet most of these approaches failed
to use the 3D components of the archaeological
record for postexcavation analysis.

Early approaches
In the early 1990s, Paul Reilly began working on

techniques for archaeological data visualization to
examine survey data, provide virtual excavations for
training and evaluation studies, and reconstruct
and exhibit archaeological findings. He developed
Grafland, a simulated excavation tool consisting of
a series of topological layers with various features
cut into them.1 This tool was intended to demon-
strate that archaeologists can produce realistic
records of the data destroyed during excavation
and employ improved methods for managing and
interrogating the data for postexcavation analysis.
However, because of inaccuracies in how the data
were recorded, Grafland was used primarily as a
teaching and simulation tool, not for the specialized
research tasks archaeologists perform as described
in this article.

CAD and GIS
More recently, archaeologists have begun to

integrate physical aspects of the excavation by
employing methods derived from geographic
information system (GIS) and CAD-based
applications. Unfortunately, because many of
these application methods have been adapted
from those created for disciplines such as
geography, meteorology, and physics, for
example, they don’t give access to the tools
archaeologists need to effectively manage
conditions peculiar to archaeology.

A number of visualization systems employing
immersive virtual reality (IVR) have attempted to
use GIS to handle large data sets such as those
presented by climatological data and the urban
environment. Sandbox, for example, was
developed as a VR tool to let an investigator
visualize the contents of a climatologic database
while retrieving data.2 The tool is significant
because it gives scientists a means to interact with
a variety of data using visual clues. However, it
focuses on completing tasks with a 2D climatology
data set. Although this system gives users a way to
explore and interact with data, the research
problems addressed differ markedly from the ones
archaeologists face in dealing with data having a
strong 3D component.

Karma VI is a VR interface for ESRI’s Spatial

Database Engine that supports powerful
visualization, manipulation, and editing of
standard GIS data in a VR environment.3 Users of
this interface can walk through 3D environments,
see planned buildings, and view changes in the
landscape. The tool lets users experience the data
set at close range and access important statistics.
However, these IVR applications weren’t
developed for archaeological inquiry and therefore
don’t consider the specific research tasks
archaeologists need to perform.

The research reported in this article builds on
the methods developed in GIS and CAD packages.
It also incorporates the spatial paradigm employed
in recent visualization projects to facilitate the
interrogation of 3D attributes from the
archaeological record.
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Archaeological Analysis: Current
Practice

Archaeologists are concerned with
maintaining accurate records of the material
unearthed during excavation because when
excavation is completed, the site is essentially
destroyed (see Figures A1 and A2). The
archaeological record generally comprises items
in diverse media such as paper-based records
(maps, plans, elevations, sections, and
drawings), photographs of artifacts and
architectural finds, digitally preserved survey
data, and detailed statistics on artifacts stored in
a site database.1 During postexcavation
analyses, archaeologists attempt to synthesize
their on-site observations with details contained
in these records.

Much of the data collected on site isn’t used
during the final analysis process because the
spatial components of individual artifacts,
architectural finds, and site features aren’t
adequately synthesized. For example, although
there may be relationships among the artifacts
found in an adjoining trench, if the two trenches
were excavated separately by different
archaeologists during successive field seasons,
the relationships will likely be missed. Figure B
shows the different loci, or sediment layers, at an
excavation that could represent work done by
half a dozen different archaeologists over as
many different years. Trends that connect the
trenches can only be identified if the same
archaeologist is involved to visually identify them.
In the postexcavation process of analyzing artifacts, their
connection can be correlated only if their in situ spatial
relationship is understood.

The difficulty in relating findings that are inherently three-
dimensionally linked is hard to alleviate using current
methods. Such methods would require an enormous
amount of time to physically correlate artifacts and
associated finds inside a trench with those in adjoining
trenches.2,3 Archaeologists who want to explore these
relationships must first search for the relevant objects from
specific locations in the site database. Next, they must
investigate the physical information about the trench and
trench loci using the site notebooks. Finally, they must apply
strategies to understand the spatial connections among the
objects and trenches with the existing site features recorded
in the digital survey. Even if it were possible to understand
the data’s spatial aspect, it would still be difficult to consider
the other attributes (such as shape, color, and decorative
markings) associated with the data that provide additional
clues.
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A (1) Aerial view of Petra Great Temple precinct section, preexcavation 1993.

After excavations conclude (right), the site is essentially destroyed because

physical associations among sediment, architectural fragments, and artifacts

are lost. Arrow view shows where the Petra Great Temple’s monumental

columns were found. The columns were left in place after excavations con-

cluded (right). (2) Aerial view of Petra Great Temple precinct section, postex-

cavation 2001. Excavations to date span eight field seasons (or years) and

have uncovered an enormous amount of physical evidence. The entire exca-

vated region is roughly the size of three football fields and measures approxi-

mately 7,560 square meters. The dark circle shows a human’s scale. (Figure A1

courtesy of J. Wilson Myers. Figure A2 courtesy of Artemis A.W. Joukowsky.)

(1) (2)

B Section through a trench showing the sediment layers (loci)

and in situ architectural findings that must be carefully indexed

during excavation. Artifacts must be recorded by the find

location in a locus.



Prototype one: A conceptual model
We created this first prototype to index many of

the architectural fragments unearthed in Petra to

investigate the research question, What is the

chronology of the building phases of the temple and

its precinct? We designed the conceptual plan to con-

sider a set of variables present in the site databases,

along with 3D models of objects, drawings, and pho-

tographs for new comparisons and to establish links

among objects.

Our design goals were motivated by the need to estab-

lish a chronology of architectural phases among the

Petra Great Temple areas. This complex problem can be

solved only by relating small finds such as coins and oil

lamps with monumental architectural fragments, in situ

remains, and site features. Currently, the archaeological

team attempts to establish building dates for each area

of the temple by comparing observations and physical

evidence collected during excavation.3 At the end of

each season, the team meets to assign phases to each

architectural area by reviewing notes and comparing

individual observations. The process somewhat resem-

bles forensics because each site detail is potentially an

important clue.

The fundamental relational aspect of the physical evi-

dence challenges archaeologists because their current

methods can’t rigorously compare evidence from suc-

cessive excavation years. Therefore, it’s difficult for them

to recall the many relationships in the site record they’ve

observed during excavation. Also, because multiple

archaeologists excavate the site and witness important

aspects of the record, synthesizing their observations is

inherently problematic.

Design goals
Based on these observations, we established the fol-

lowing design goals for our first prototype:

■ Provide a way to relate smaller artifacts such as coins

and oil lamps with their associated architectural frag-

ments (see Figure 2).

■ Attempt to assign relative dates to three-dimension-

ally linked objects.

■ Relate evidence from datable stone-cutter markings

on the architectural fragments at remote sites to help

assign dates to architectural fragments with similar

markings at the Petra Great Temple.

System development
In 1997, we built a conceptual prototype guided by

our design goals. We posited that if each architectural

feature were given an exact or relative date based on

associated datable evidence, we could ultimately eval-

uate an architectural region by examining the resulting

associations. We specified a framework in which archae-

ologists could index architectural fragments with dis-

tinguishable stone-cutter markings with other objects

such as coins (already assigned absolute and relative

dates; see Figures 2 and 3 on the next page).4 We also

developed ways to correlate the in situ find locations for

objects with physical characteristics that can provide

clues for comparing the objects.

Evaluation
We spent six weeks on site at the Petra Great Temple

in 1998 and received feedback from the team that neces-

sitated fundamental changes in our prototype. We deter-

mined that automating the process of assigning dates

to architectural regions by using datable objects exclu-

sively would severely limit our results. Datable objects

are problematic because many of the Temple’s archi-

tectural components—such as columns, walls, and

floors—are so badly eroded that they can’t yield ade-

quate datable evidence for our relational model.

Prototype two: A test using a
geographical information system
After evaluating the first prototype, we concluded

that we couldn’t use the system to synthesize the archi-

tectural findings and provide a chronology for the tem-

ple’s building phases. However, in the process, team

archaeologists helped us analyze the temple in terms of

its function, use, and appearance.

Petra has been ravaged by several devastating earth-

quakes, so many of the architectural components such

as column capitals and wall friezes have either been

destroyed or displaced.

Archaeologists investigate these questions with

empirically based observations. They consult with the

excavation team to compare findings and analyze the

statistics derived from the site databases. However,

because the record’s physical components are diverse

and difficult to synthesize, archaeologists often rely on

their memory for details and spatial relationships in for-

mulating hypotheses.

Before implementing prototype two, we posited that
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2 Examples of

the artifacts

archaeologists

use to assign

dates for areas

of the temple.

Top: a jug, an oil

lamp, a coin,

and a sculptural

fragment.

Middle: a col-

umn base with

stone-cutter

markings and a

section of a

column capital

with sculptural

detail. Bottom:

small bulk-find

pottery and oil

lamp

fragments. 
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we could help archaeologists solve some of these

research questions by providing new methods to inves-

tigate the parts of the record with which they aren’t well

acquainted. To do this, we used input from the excava-

tion team to specify some simple tasks they would need,

including these:

■ The ability to reinvestigate and become better

acquainted with the range of on-site findings, all

excavators’ discoveries, and data from many years of

excavating.

■ Ways to understand the spatial relationships among

objects and features within or among excavation

trenches.

■ Methods to investigate, correlate, and provide evi-

dence for sitewide artifact concentrations.

■ The ability to generate evidence about the basic com-

position of the sediment removed during excavation.
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Artifact (coin)
Found directly under Upper Temenos floor paver

Four
Attributes:

Dimensions
Proportions (height/length/width)
Stone cutter marks = Type A
Location = B
Material
Date given
Residue (plaster or paint)
Color (Munsell value)

Architectural fragment (column base)
In situ position on Upper TemenosSite A

One
Attributes:

Dimensions
Proportions (height/length/width)
Stone cutter marks = Type A
Location = A
Material
Residue (plaster or paint)
Color (Munsell value)

Site B
Architectural fragment

Attributes:

Dimensions
Proportions (height/length/width)
Stone cutter marks = Type A
Location
Material
Residue (plaster or paint)
Color (Munsell  value)

Architectural fragment (column base)
Fragment found 15 meters from Upper Temenos

Two
Attributes:

Dimensions
Proportions (height/length/width)
Stone cutter marks = Type A
Location = X (off site)
Material
Residue (plaster or paint)
Color (Munsell value)

Architectural fragment (floor paver)
Upper Temenos

Three
Attributes:

Dimensions
Proportions (height/length/width)
Stone cutter marks = Type A
Location = B
Material
Date given
Residue (plaster or paint)
Color (Munsell value)

Coin date

Roman
Circa 116 CE

Stone cutter A

Image recognition
matches linked artifacts

3 First concep-

tual diagram

developed in

1997. It shows a

framework for

archaeologists

to index datable

artifacts and

other finds

based on their

relative find

location.



Design goals
To give archaeologists a means to

perform these tasks, we established

the following design goals:

■ Implement tools and features to

perform specified research tasks.

■ Test some preexisting features in

commercial geographic informa-

tion system (GIS) software to see

if it provides visualization or inter-

action methods adaptable to our

purposes.

System development
We began implementing a second

prototype on a desktop computer

using GIS software called ArcView

by Environmental Systems Research

Institute (ESRI). We also used the 3D

Analyst extension, which links the

excavation database to a 3D viewer

program. We started by integrating

the 3D survey of architecture and

site features with 2D shape informa-

tion for approximately 50 trenches.

The result resembled a site map with

blocks representing trenches, as in

Figure 4. When we loaded the site

databases with more than 15 artifact

typologies, we were quickly able to

index bulk artifact find concentra-

tions by trench. The result was a 2D

visualization of an artifact typology (such as pottery) by

a color scale (white to black). This wasn’t very helpful

because it displayed only the bulk concentration of pot-

tery in the trench and gave no information about where

inside the trench the pottery was found.

Next, we used the 3D Analyst viewer to look at the

pottery ranges inside each trench by locus. Because we

didn’t have digital 3D information about each trench

layer, we had to approximate the layer thicknesses. This

time-consuming process yielded a somewhat inaccu-

rate representation of the excavation layers. Finally, we

used the visualization tools to assign a color range that

represented the pottery concentrations in individual

loci throughout the site.

Evaluation
During evaluation, team archaeologists found the

prototype’s 3D visualization difficult to understand. The

rendering of this attempt shows a relative spatial distri-

bution of pottery in the site trenches that, as Figure 4

shows, looks much like a 3D bar chart. The resulting

depiction of the site and trenches gives the misleading

impression that each trench layer is equal. Additional-

ly, when querying in the viewer, we could examine only

one artifact type at a time (such as coin, pottery, or sculp-

tural finds).

Although our test GIS offered a novel interface by

which a variety of 2D data types could be correlated, it

wasn’t sophisticated enough to give a thorough descrip-

tion of height relationships among the spatial entities,

nor did it give us adequate tools to examine multiple

artifact types together. Finally, since we had only a rota-

tion wheel and zoom tool with which to examine the

site, we had trouble referencing occluded objects and

remote features within the 3D viewer.

Prototype three: An inquiry model
Our test GIS prototype provided a 3D model with visu-

alization and interaction methods. Team archaeologists

appreciated the ability to visualize and explore the 3D

components of the record but wanted additional fea-

tures unavailable in GIS-based software. In response to

their tests, team members described their ideal inquiry

model for the analysis process. The sketch in Figure 5

(next page) illustrates how a more complete 3D visual-

ization and interaction paradigm might enable archae-

ologists to interrogate important physical aspects of

their site data.

We planned to build prototype three with some data

visualization methods and user interaction and naviga-

tion tools to simulate the natural inquiry process occur-

ring when the archaeologist is in an excavation trench

or moving about the site.

We wanted a 3D visualization interface because it

would let us add realistic visualization features and

interaction tools. Moreover, it would provide a way to

implement a range of inquiry methods in an intuitive

user interface. We posited that the immersive VR inter-
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face offered by a CAVE would be an optimal environ-

ment in which to perform these inquiries. An IVR inter-

face is particularly well suited to archaeological

visualization and interaction tasks because it provides

the visual range that “... help(s) provide situational

awareness and context, aid(s) spatial judgments and

enhance(s) navigation and locomotion.”5

Recently, researchers have attempted to compare the

results that can be achieved in immersive versus nonim-

mersive systems.6However, most studies admit that we

still lack an adequate evaluation of IVR’s specific capa-

bilities. To date, the consensus is that certain specific tasks

(that is, navigation and object manipulation) can be com-

pleted more comfortably in an IVR environment; other

tasks are more effective in fishtank VR systems, using a

stereo-capable desktop display with head tracking.7

Design goals
We began the design process for our third prototype

by specifying four categories of tools that archaeologists

need:

■ Specialized interface: to use immersive VR in a CAVE

to facilitate exploration and analysis tasks.

■ Visualization tools: to search for artifact concentra-

tions, differentiate among artifact types, and isolate

anomalous conditions in a visual field with multiple

attributes.

■ Navigation/interaction tools: to let users interact with

the 3D findings.

■ Examination/inquiry tools: to observe the data at mul-

tiple scales (both at close range inside a trench and

with overviews of the whole site).

System development
Because we intended this prototype to let archaeolo-

gists view and interact with a variety of entities simul-

taneously, we presented the data entity types with

graphical rendering methods. We categorized the data

types as follows:

■ Site features and architecture: We provided a realistic

3D reconstruction of the Petra Great Temple as a base

context/interface in the CAVE at life-size scale, as Fig-

ure 6 shows.

■ Trenches and loci: We integrated some excavation

trenches in a concentrated region of the temple. Each

trench is broken down into a sequence of layers (exca-

vated loci), as Figure 7 shows.

■ Artifacts: Users send queries to the site findings data-

base. Local concentrations of specific artifact types

appear when each locus becomes a solid color (for

example, white indicates minimum concentration,

dark red indicates maximum concentration). When

two artifact queries go to the database, the results

appear in combination. Color indicates the first arti-

fact concentration, and texture indicates the second

artifact concentration, as Figure 7 shows.

■ Special artifacts: The most significant artifacts such

as a sculptural mask can be displayed in their 3D find
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5  Sketch of an

inquiry model

that integrates

novel visualiza-

tion methods to

facilitate the

analytic tasks

archaeologists

want to

perform.
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locations inside the trenches.

Users access them by turning the

trenches off or dimming existing

queries to see inside loci.

We also developed two sets of

tools in this prototype. First, we

developed tools for interaction and

inquiry, with which new elements

(trenches and special finds) can be

added to the scene and queries sent

with button interactions on the com-

puter mouse. Second, we developed

tools for navigation, with which

users move in the IVR environment

by using a tracked wand equipped

with a trackball. The trackball lets

users “walk” (move freely on the

ground plane) or “fly” (move freely,

unconnected to the ground plane).

Evaluation
Implementing this prototype in a

CAVE provided archaeologists with

a realistic inquiry environment sim-

ilar to the one they establish on site

but without physical impediments such as dirt and

heavy objects. The team appreciated the ability to reex-

perience the site at life-size scale and observe artifacts

in their in situ locations. However, team members still

had difficulty performing research tasks because they

lacked refined, flexible visualization and interaction

techniques.

Over a six-month period, we collected feedback from

archaeologists on the general problems they encountered

with this prototype. They felt that the temple recon-

struction wasn’t an accurate research context to explore

excavation features because it didn’t represent their raw

find data and was visually distracting. They wanted to

experience the site at life-size scale but also wanted to

“shrink” it so that they could look for features common

to different areas. Finally, artifact concentrations were

difficult to observe because the trenches occlude one

another, and the method of integrating multiple artifact

types with color and texture was too visually complex.

Prototype four: Refinements
In our final prototype, we integrated essential refine-

ments so that two team archaeologists could evaluate it

by investigating specific research questions.

Design goals
To refine the visualization and interaction methods

in prototype three, we created a wish list of changes for

our final prototype:

■ Create an accurate research context with only in situ

site findings, as Figures 8 and 9 (next page) show.

IEEE Computer Graphics and Applications 45

6 Users navigating in the life-size Petra Great Temple

reconstruction that serves as a base context for explor-

ing site findings in prototype three. We built this model

with data from a digital survey compiled from several

sources.

7 User interacting with an excavation trench in proto-

type three. Each locus is expressed as a block of sedi-

ment. Pottery concentrations are plotted as color

ranges (white equals low, red equals high). Bone con-

centrations are expressed as texture (loose equals low,

dense equals high).

8 The colored

regions on the

left are the

individual loci

(from trench 24

at right) that

represent the

debris removed

in a specific

region of the

site. Each locus

represents a

layer of sedi-

ment, an archi-

tectural feature

(column, wall,

rock, and so on)

or an important

artifact.



■ Develop ways to navigate through the model and

change scales.

■ Find better ways to look at site features and synthesize

findings, for instance, to look at multiple artifact

typologies together and understand patterns or

anomalous conditions.

In planning improvements, we incorporated these three

items and applied perceptual rules for observing and

interacting with the site record.

System development
Our development dealt with both new visualization

and interaction tools.

Visualization. The visual perception literature out-

lines general rules for building visualizations that

exploit strengths of the human visual system. To miti-

gate the complexity of our earlier visualization, we gave

users some visual entities that they can recognize auto-

matically prior to conscious attention:8

■ Lightness:We approached the problem of visualizing

the site contents (such as architectural finds, trench-

es, and loci) by composing all the elements in 3D lay-

ers and then adjusting their individual properties

(color, size, and shape) for users to isolate significant

features. For example, we removed the image-map

texture and rendered in situ findings in desaturated

grayish tones. Then we chose fairly saturated colors

with high lightness values for the excavated features

(trenches and loci) and artifact typologies (bulk con-

centrations and special finds). As a result, the base in

situ finds now contrast dramatically with excavated

features, as Figure 10 shows.

■ Shape and size: To facilitate discrimination between

bulk and special finds, we modified their shape and

size. Modifications included, for example, large tetra-

hedra (lamp finds) and hexagonal prisms—coin finds

now stand out visually from small tetrahedra (bulk

concentration finds).

■ Hue: The symbolic use of color lets archaeologists

quickly identify bulk finds (red indicates pottery, green

indicates bone, and so on).9 Special finds are also

color-coded to reflect their cultural origin (blue indi-

cates Roman, gold indicates Byzantine, for instance);

they stand out in the context of bulk finds because

they’re twice the size. A key to these values is project-

ed on the left wall of the CAVE for easy reference.

New interaction tools. Along with the need to

refine the system visually, we had to improve users’ phys-

ical interaction with it. Research shows that an unde-

tectable and unobtrusive user interface is important to

users in completing a task.10,11As a result, we developed

the following tools:

■ Introductory portal:We exploited the CAVE’s immer-

sion to introduce the site and acquaint users with the

context and tools. They enter the site through an

introductory portal, a room with rusticated walls and

a map projected onto the floor that helps orient them

to the excavated context, as Figure 11 shows.

■ Miniature model: After looking at the site map, users

are introduced to the in situ and excavated remains in
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9 Three-dimensional model with in situ site and architectural remains

(gray) and 17 test trenches (multiple colors). This model provides an accu-

rate context for archaeological inquiry.

10 User examining the entire Upper Temenos region of the temple with

trenches (semitransparent) and in situ finds. The user can easily pick out

high concentrations of pottery (red), bone (green), stone (purple), and

metal (blue).
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the context of a miniature 3D

model,12as Figure 10 shows. Users

initiate exploration by moving a

red block representing the portal

to the area of interest. They’re

automatically relocated to that

position in a full-scale model for

more detailed exploration. If

they’re performing queries, they

can return to the miniature model

at any time for a synthesis of glob-

al site features (such as trench data

from opposite sides of the site).

■ Interactions: In this mode, users

can begin moving and interacting

with excavation data via a wand

and a pinch glove. The wand is

equipped with a trackball to move

(walk or fly), select, and turn

objects on and off. Users can wear

a tracked-pinch glove to access a

3D virtual widget.13Various hand

gestures let users choose relevant

artifact types—such as bone, shell, and pottery—by

rotating the wheel and picking associated colors.

Evaluation of new methods
We originally hypothesized that we could help

archaeologists answer key research questions by giv-

ing them new methods for examining and synthesiz-

ing the record. To test this hypothesis, we asked our

team archaeologists to use prototype four to investi-

gate specific research questions. We performed two

user evaluations to observe the archaeologists and

determine what sorts of analyses they could perform

with the prototype.

The first test, with two team archaeologists, focused

on evaluating the users’ general observations in look-

ing at the site data. In the second test, two other archae-

ologists (whom we will refer to as users A and B) used

the prototype in the CAVE and were prompted to per-

form tasks to explore their own research questions.

The following discussion focuses not on the testing

process but on observations made in the latter test with

users A and B.

Preparation
Before beginning the test, users A and B were asked

general questions about their own research. We want-

ed to identify the research questions they would

explore during the test and suggest that they focus on

those that could realistically be answered given the

current state of the prototype.

User A wanted to identify when the temple was in use

by assigning dates to her lamp finds. To do this, she

planned to examine relationships among lamp and coin

finds in different trenches. User B aimed to identify the

temple’s function and its relationship to the adjoining

site, which she is excavating for her dissertation

research. She had excavated a few significant trenches

at the temple but wanted to observe some trenches she

didn’t excavate personally.

Observations and discussion
When we encouraged archaeologists A and B to use

the system, they performed three different types of tasks.

Perform queries with the site information

and formulate and explore hypotheses. In the

process of making queries to observe the architectural

remains with special and bulk finds, users A and B began

to form personal hypotheses about what they saw.

User B became interested in some of the site’s metal

finds. While looking at bulk finds in combination, she

hypothesized that the metal fragments corresponded

with the frame of a door close by. If the original wood

door had disintegrated, its metal hardware would remain.

Although it’s fairly easy to find high concentrations

of metal using the site database alone, it isn’t easy to

associate a specific layer and its architectural compo-

nent. When user B queried the database for metal finds

and observed them in the IVR environment, she was sur-

prised to find that all the metal in the western aisle was

at ground level. Additionally, she observed that the

metal in the western aisle was aligned with the door-

frame on the west side.

She also posited that another cache of metal found in

the lower levels of trench 47 (in front of the theatron or

theater) could have come from the hardware that

remained after old wooden banisters lining the theatron

circulation routes disintegrated. However, user B was

unable to confirm this hypothesis because the metal

objects she found didn’t have additional attribute infor-

mation such as shape or function (currently accessible

from the site database but not represented in this visu-

alization attempt). In this case, integrating more phys-

ical attributes from the database for these objects will

let her investigate this hypothesis further.

Investigate site data and find patterns and

anomalies. User A wanted to consider the oil lamp

find locations in relation to other relevant and datable
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11 Users enter the site through an introductory portal, a room with rusti-

cated walls and a map projected onto the floor.



objects, such as coins and pottery. In her research, she

hadn’t yet compared the lamp finds with spatially relat-

ed coins because this would be too laborious with exist-

ing methods.

User A used the visual query tools to view the lamps

in their find locations (see Figure 12a). Next, she queried

the coin finds to observe them together. After querying

the lamp finds from the Upper Temenos region, she was

able to isolate a cache of Byzantine lamps in the middle

loci of trench 29, bordering trench 45 in the western cor-

ridor (see Figure 12b). This finding suggests that there

might have been activity in that area during the Byzan-

tine occupation of the site. Because she hadn’t person-

ally excavated trenches 29 and 45, she was neither

familiar with these lamp find locations nor aware that

Byzantine lamps were the only kind found in that gen-

eral area. This observation became a particularly strik-

ing curiosity and perhaps a vital clue regarding site use

during the Byzantine period.

Confirm on-site findings and proof for

hypotheses. User A found several areas with mixed

deposits by looking at the trenches and their associated

finds along with the site features. (During excavations,

it was suspected that the heavy annual rains and earth-

quakes that ravaged the site disturbed the sediment lay-

ers covering the building and its environs. Consequently,

the stratigraphic sequence became mixed, making it dif-

ficult to determine the relationships among various

trenches, loci, and artifacts.) For example, after observ-

ing the placement of coins and lamps together, user A

posited that the finds at the Petra Great Temple precinct

might be physically related to the Nabataean Az Zantur,

a domestic excavation site to the immediate south. That

is, heavy rains might have washed surface objects down

into the temple precinct. This supposition might explain

the seemingly random distribution of objects from dif-

ferent cultural periods located on the surface layers of

most trenches. 

In interacting with a range of data from the Petra

Great Temple site, user B derived initial proof to support

her hypothesis regarding metal findings. The metal

objects she located close to the ground near a door frame

could certainly have been used for door hardware. This

result would have been extremely difficult to investigate

using traditional approaches alone because the artifacts

were likely removed from the ground without this obser-

vation. This method of inquiry allows their relationship

with the find context to be preserved.

These findings help provide tangible proof for empir-

ically derived excavation results because archaeolo-

gists now have additional documentation (in the form

of screen shots and renderings from observations made

in the CAVE) of results. They’re also significant because

they confirm some of the archaeologists’ longstanding

suspicions about the sedimentary levels throughout

the site.

Discussion
In our evaluations of prototype four, we observed that

the two team archaeologists initiated queries with the

new interaction features and by navigating freely using

the mouse and pinch glove. In addition, the improved

visualization methods helped them identify important

patterns and anomalies in a visual field with many

diverse elements.

The experience essentially changed their perception

of the site by exposing them to a much wider range of

physical data and acquainting them with site areas, arti-

facts, and features previously unfamiliar to them or

excavated by other team members. Their observations

let them check existing hypotheses and formulate new

ones with physical evidence not otherwise accessible.

They also commented that the application will help

them share findings with colleagues from related sites by

providing tangible evidence for their hypotheses.
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(a)

(b)

12 (a) User examining lamp and coin finds in the miniature model. Lamps

are tetrahedra and coins are hexagonal prisms. These shapes are easy to

identify because they’re quite a bit larger than the clustered bulk finds in

Figure 7. Here the colors indicate the cultural period of the objects (blue

equals Roman, gold equals Byzantine, red equals Nabataean, white equals

unknown). (b) User examining a cache of Byzantine lamps (large yellow

tetrahedra) in trench 29, in the western aisle. The small green (bone) and

blue (metal) tetrahedra represent bulk artifact finds.



At the beginning of our collaboration, team archae-

ologists had expressed interest in new techniques to help

answer the difficult research questions about the Petra

Great Temple site. Traditional methods helped them in

performing some research tasks but prevented the col-

lection of evidence sufficient to substantiate hypothe-

ses about the larger research questions. We believe that

they will soon be able to generate this evidence using

additional excavation features, not present in the fourth

prototype, to describe a greater number of attributes

from the excavation record, for example, specific phys-

ical details of smaller artifacts such as pottery and bone

and more precise in situ location. We are currently devel-

oping features to provide greater amounts of artifact

detail with additional visualization tools linked to the

site database; however, specific information about the

artifacts’ in situ location must be collected on site. In the

future, with slight adjustments to current field record-

ing methods (to integrate more 3D attributes), we can

improve the capabilities of our current prototype.

We’re encouraged by the fact that, after evaluating

the fourth prototype, team archaeologists became con-

vinced of the value of modifying their data-recording

methods and are working with us to integrate new stan-

dards for digital recovery and record keeping.

Conclusions
In this body of research, we created an archaeology-

specific application to augment the analysis methods

employed by the Petra Great Temple excavation team.

To accomplish this, we built four prototypes that address

archaeologists’ important research questions and spec-

ified some analysis tasks they need to perform in order

to answer them. Through an iterative process, we added

a series of tools and techniques to help them interrogate

aspects of the site record and perform the research tasks. 

Our final prototype four provides a greatly improved

model for inquiry. According to our team archaeologists,

in evaluating prototype four they could accomplish

many of the research tasks we specified. For example,

in exploring the site findings they had been exposed to

while excavating, they were able to acquire proof for

hypotheses they established on site. They were also able

to explore site areas they had not personally excavated

and so were able to formulate new hypotheses using

data derived from those areas.

The archaeologists used the tools in prototype four to

query, navigate, and explore the Petra Great Temple site

as if it had never been excavated and the sediment still

remained. The prototype application also provided a

venue for collaboration among multiple archaeologists

and the possibility of sharing data among remote sites.

Although many observations are best made with tangible

evidence derived from the on-site excavation, our

approach can play a significant complementary role in the

entire archaeological inquiry and analysis process. ■
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