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Fig. 2. System overview. Our system consists of two main parts: data-driven modules (left, light gray) are triggered by image acquisition, while
visualization/user-driven modules (right, yellow) are active at run time. All generated data are stored in the visualization archive. At run time, the
user initializes data requests either by specifying a dynamic query or by directly interacting with the visualization. A visual query builder allows users
to intuitively specify queries which are translated into a powerful query algebra and evaluated. Results are shown in different linked visualizations.

tively specified dynamic queries that allow neuroscientists to answer
domain-specific questions. The main contributions of this paper are:

An integrated system for the interactive analysis and 3D visual-
ization of large-scale neuroscience data, based on demand-driven
processing and interactive, dynamically evaluated user queries.

A query (set) algebra that provides scientists in connectomics re-
search with an intuitive way of specifying dynamic, high-level
queries that can be evaluated on the full data size. Complex
queries can be built by hierarchically combining simpler queries.

An intuitive user interface that allows specifying combinations
of queries in different domains (spatial, connectivity/topological,
abstract/attribute-based), and to concurrently explore and ana-
lyze the results in multiple linked views. Both the queries and
the linked views also provide basic statistical analysis.

We illustrate the usefulness of ConnectomeExplorer in practice via
real use-case scenarios of our collaborators in neuroscience.

2 RELATED WORK

Neuroscience and connectomics. A very good introduction to con-
nectomics and recent developments is given by Seung [39], also high-
lighting advances in high-throughput, high-resolution electronic imag-
ing. Lichtman and Denk [31] describe the challenges in reaching the
ultimate goal of connectomics—understanding the relation between
function and structure in the brain. Bock et al. [8] present a power-
ful example of how EM circuit reconstruction allows determining the
relationship between structure and function of the visual cortex.
Segmentation and annotation tools for neuroscience. Segmen-
tation and tracing of neuronal structures ranges from manual [17]
or semi-automatic [24, 27, 37] to fully automatic segmentation algo-
rithms [25, 28]. However, only a handful of tools are actually publicly
available to the neuroscience community. In Eyewire [1], users trace
neurons in the retina in an online game setting. Mojo [29, 37] offers
fast proof-reading of segmented EM slices. NeuroTrace [26] supports
semi-automatic segmentation of neurites with concurrent 3D visual-
ization. CATMAID [38] and the Viking viewer [4] are collaborative
annotation environments for skeleton extraction in terabyte data sets.
Visualization of microscopy data. Volume visualization of mi-
croscopy data is an ongoing research topic due to their inherent visual
complexity. Different techniques for displaying features in dense EM
image stacks have been proposed, including multi-dimensional trans-
fer functions [45], local variance-based transfer functions [35], and
view-dependent on-demand filtering and edge enhancement [27].
Neuroscience ontologies. Several groups have worked on neu-
roanatomy ontologies [36] and how to leverage this knowledge for
visualization and data analysis [7, 20, 30]. Gerhard et al. [20] intro-
duce the Connectome Viewer Toolkit, a framework for multi-modal
data management as well as visualization and analysis of macroscopic
neuronal structures, pathways and brain region connectivity. KuR et
al. [30] propose a system for high-level ontology-based queries on a
bee brain atlas that supports a set of pre-defined visualization queries.

Visual analysis in neuroscience. Braingazer [9] is a system for
visually analyzing a Drosophila (fruit fly) brain database. It supports
3D visualization of confocal microscopy data together with annotated
anatomical structures. It allows users to interactively query the data
based on semantic and spatial relationships, but it does not provide
a general way for specifying new domain-specific questions. It also
does not support the fully dynamic computation of the required con-
structs. Neuron Navigator [32] provides an interface to a 3D neuron
image database to analyze the connectivity of the Drosophila brain. It
offers a textual query interface based on binary operators to select and
display objects and anatomical structures. De Leeuw et al. [13] intro-
duce the Argos system to analyze and visualize large 3D microscopy
image collections in a combination of offline and interactive processes.
Sherbondy et al. [40] use dynamic queries based on volumes of inter-
est and pre-computed pathways to explore the connectivity between
brain regions. Most systems for visually analyzing neuroscience data
sets are based on atlases, i.e., they use databases of pre-defined struc-
tures. Many systems also require the pre-computation of some query
attributes, such as proximity or distances. In contrast, our framework
supports the fully dynamic analysis of non-templated volumetric data
sets without requiring costly pre-computations that do not scale to the
petavoxel data sizes that we are targeting. We allow specifying any
number of new dynamic queries, which are evaluated only on demand.
We compare different tools that are currently used in connectomics re-
search with ConnectomeExplorer in Table 4 (Sec. 7).

Dynamic and visual queries. Prominent techniques are dynamic
queries [3], high-dimensional brushing and linking [34], and interac-
tive visual queries [14]. Shneiderman [41] gives a good introduction
to dynamic queries in the context of visual analysis and information
seeking. Catarci et al. [11] present a survey on visual query sys-
tems for databases. More recently, Gergen et al. [21] describe design
lessons for developing visual information-seeking systems, and Heer
and Shneiderman [23] introduce a taxonomy of interactive dynamics
for visual analysis. A visual interface for exploration and analysis
of large multi-dimensional databases is available in Polaris [44], while
DEX [43] focuses on query-driven scientific visualization of large data
sets. Nitelight [42] introduces a visual approach for semantic query
design, and ImMens [33] is a recent visual query system for real-time
analysis of very large data sets, supporting brushing & linking and
scalable visual summaries. A general introduction to the topics of re-
lational algebra and databases is given by Garcia-Molina et al. [19].

Volume rendering. Many large-scale volume renderers employ
octree bricking schemes, and often perform octree traversal on the
GPU [12, 16]. The volume rendering system of ConnectomeEx-
plorer is based on previous work on GPU ray-casting of petascale
EM data via a multi-level, multi-resolution virtual memory architec-
ture [22], which also supports streaming of microscopy image data and
visualization-driven construction of volume sub-blocks. This system
has been extended to segmentation volumes [5], but did not support
analyzing or querying the data. Cai and Sakas [10] present different
ways of rendering multi-modal data. Beyer et al. [6] used multi-modal
volume rendering in the context of neurosurgical applications.



3 APPLICATION OVERVIEW

ConnectomeExplorer was developed in collaboration with neuroscien-
tists working in the field of connectomics to support them in analyzing
the detailed interconnections of neuronal structures in the mammalian
brain at the individual nanometer scale. Each neuron processes and
transmits information by forming connections (i.e., synapses) to other
neurons. A typical neuron consists of a cell body (soma), an axon, and
multiple dendrites [39]. Roughly speaking, an axon corresponds to
the output of the neuron, and its dendrites correspond to all its inputs.
Axons are long and narrow tubular structures that conduct electrical
impulses away from the neuron’s cell body when the neuron spikes,
while a dendrite is a treelike extension of a neuron that receives elec-
trical impulses from many other neurons. Axons make connections
with dendrites at synapses, which comprise the synaptic cleft between
an axon terminal (or bouton) and a post-synaptic density of the main
part of a dendrite or a dendritic spine. Neuroscientists are interested
in trends and correlations as well as individual neuronal structures and
synapses and their detailed attributes. For example, the location of a
synapse on a dendrite (e.g., whether or not it is on a spine) may be an
indicator for whether the entire cell is excitatory or inhibitory, i.e., if
it increases or decreases the likelihood of connected neurons to spike.
In this section, we give an overview of the basic components of
our system, from data acquisition and management to the integration
of visual analysis and exploration tools. A high-level overview is de-
picted in Fig. 2. Table 1 gives a comprehensive list of object types and
pre-defined sets of objects that we support as basic inputs to queries.

3.1 Data Acquisition

Our collaborators cut blocks of brain tissue into ultra-thin slices of 25-
50 nm using an advanced microtome, and image them with a scanning
electron microscope (SEM) at a resolution of 3-5 nm. Each EM slice
comprises multiple microscope images tiles (e.g., 12;000 12;000
pixels each), which are aligned and stitched into a much larger 3D vol-
ume [22]. The left part of Fig. 2 shows the data acquisition modules
of our pipeline. For segmentation, our collaborators have used several
different approaches, ranging from complete manual tracing of indi-
vidual structures to automatic tracing [28]. ConnectomeExplorer also
supports manual editing of segmentation masks at the voxel level. All
other features and meta data, such as labels and synapse locations, are
currently annotated completely manually and stored in tabular format.

3.2 Data Management

Our data managment approach comprises two main parts: a data-
driven part, which is triggered by actual data acquisition and gen-
eration, and a visualization-driven part, which is active at run time.
We generate tiled 2D mipmaps of the acquired raw image data, which
subsequently serve as the source for all data requests from the visual-
ization and analysis modules. For each mipmap tile, we additionally
compute min/max values to facilitate hierarchical culling. Segmenta-
tion data are processed in a similar way, but in order to avoid inter-
polating object IDs during down-sampling, we use nearest-neighbor
filtering for the computation of segmentation image mipmaps. More
elaborate downsampling algorithms (e.g., a rank filter) could also be

Table 1. Object types in ConnectomeExplorer. Every query can use an
arbitrary combination of these names of object types and pre-defined
sets of all known objects of each type. Note that we represent vesicles
as an attribute of a bouton/synapse instead of as its own object type.

object type / set name | description

cell / cells cell bodies (somas) of neurons
axon / axons axons

dendrite / dendrites | dendrites

spine / spines
bouton / boutons
synapse / synapses

dendritic spines
axon terminals (pre-synaptic); at synapse
synaptic clefts between axon and dendrite

psd / psds post-synaptic densities; indicate synapses
glia/ glias glial cells (these are non-neuronal cells)
—/all all known objects in a single set
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Fig. 3. User interaction. A user can dynamically create queries by either
using the visual query builder or by direct interaction in the provided
views via picking or selection. User input is represented and evaluated
via a query algebra, and all result sets can be immediately visualized.

used. For each tile of the segmentation data, we additionally compute
a histogram of all contained object IDs, which facilitates hierarchical
culling during the dynamic evaluation of spatial queries.

The visualization-driven modules of ConnectomeExplorer are
based on a client/server architecture, where the client is responsible
for rendering and evaluation of dynamic queries, while the server is
responsible for serving data requests sent by the client. Whenever the
server receives a request for a new 3D sub-block that cannot be ful-
filled from cached data, it is responsible for constructing that block
from the 2D mipmap tiles stored in the visualization archive. The de-
tails for this on-the-fly block construction can be found in [22]. Data
that has been sent to the client is cached until a pre-defined cache size
has been reached. Then it is discarded using a standard LRU scheme.

3.3 Visual Analysis and Exploration

The main goal of ConnectomeExplorer is to facilitate the interactive
visual exploration and analysis of large volumetric connectomics data
sets. A high-level overview of the interaction for analysis is depicted
in Fig. 3. Our visualization system is based on a flexible rendering
framework that is scalable to petascale data and that supports multi-
ple volumes and linked views. However, the main feature of Con-
nectomeExplorer is that it enables the user to formulate and answer
domain-specific questions, either by interactively exploring the data or
by posing dynamic queries in an intuitive user interface that translates
queries into a query algebra. We support three main types of queries,
and their combination: spatial queries based on regions of interest or
distances, topological queries based on neuronal connectivity, and at-
tribute queries based on either automatically computed attributes (e.g.,
the volume of an object), or manually labeled attributes (e.g., the num-
ber of vesicles in a synapse). The results of queries are always repre-
sented as sets (see Sec. 4), which can be examined in all views, used
as input for more advanced queries, or stored to and loaded from disk.
Statistical parameters can be computed directly on the sets of query re-
sults, and can be inspected both visually in histogram and scatterplot
views, as well as textually/numerically in table views.

4 DyYNAMIC KNOWLEDGE-BASED QUERIES

The main design goal for our dynamic queries was finding the right
level of abstraction for our target application, while still providing
enough expressive power that enables neuroscientists to answer a
wide variety of specific scientific questions. Although at least all
attribute-based questions could also be answered via SQL and stan-
dard databases [19], we employ a more integrated approach that has
similar expressivity, but that is simpler and customized for our require-
ments by unifying spatial, topological, and attribute queries in an intu-
itive, knowledge-based manner. Our basic representation for queries is
a simple query algebra that is a set algebra. That is, all questions can
be answered by building on sets of objects, sets of tuples of objects,
sets of such sets, and a few simple predicates and operators on sets,
which also include computing statistics. See Fig. 4 for a first example.























http://eyewire.org/
http://openconnectome.github.io/Rambo3D/
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