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Abstract

Recent advances in areas such as video classification, captioning, and activity detection have significantly expanded the
scope of automated analytics that can be performed on videos. These advances are supported by large datasets designed
to facilitate training algorithms that can scale up to leverage data at the scale of gigabytes and terabytes. However, almost
all these datasets have limited number of hours and annotations or use web-based services like flickr or YouTube to obtain
more data, which results in data biased towards consumer expectations in terms of distance to the object of interest, object
resolution, ratio of "interesting” to “uninteresting” video, and so forth. These videos differ from those of visual surveillance
and public safety data, in which activities of interest are rare, may not be centered in the field of view, and may occur across
multiple video streams. These differences limit the scope of transfer learning of models trained on consumer datasets when
applied to public safety data.

In this paper we address these challenges by presenting new datasets developed for the IARPA Deep Intermodal Video
Analytics (DIVA) program. The first dataset, DIVA-V 1, extends the annotations for existing videos collected for the VIRAT
Video Data project. The second dataset, DIVA-M 1, was designed expressly for the DIVA program and collected approximately
9300 hours of video, using a 38 camera network to image over 100 actors executing scripted and unscripted activities across
approximately two weeks. Annotation of the DIVA-M 1 data is ongoing.

We additionally discuss results of baseline activity and object detection algorithms on the DIVA-VI data.

Portions of this data are available for public research via NIST’s ActEV (Activities in Extended Video) challenge.

1. Introduction

The volume of video data collected from ground-based video cameras has grown dramatically in recent years. However,
there has not been a commensurate increase in the usage of intelligent analytics for real-time alerting or triaging of video
archives. In many cases, security personnel or operators of camera networks are overwhelmed with the volume of video they
must monitor, and cannot afford to view or analyze even a small fraction of their video footage in real-time. In non-real-time
forensic scenarios, the analyst’s efficiency when processing large volumes of video is hindered by the lack of widely available
tools for automated analysis.

The IARPA Deep Intermodal Video Analytics (DIVA) program [[1] is addressing these issues by developing robust auto-
mated activity detection (e.g. loading vehicle, carrying object) in a multi-camera streaming environment for faster real-time
and forensic analysis. As a Test & Evaluation partner on the program, Kitware is responsible for developing and distribut-
ing of a large corpus of annotated data, developing an easily-accessible software framework that allows the community to
experiment on that data, and determining baseline performance for object and activity detection.

The data developed for the DIVA program consists of four unique datasets, two completed and two planned, with each
dataset providing distinct features including location, sensor configuration, arrangement of fields of view (overlapping and
non-overlapping), activity types, and time of collection (time of year, time of day), resulting in a robust corpus of data. The
goal for these datasets is to have a large number of realistic behaviors for a wide variety of activities to support algorithm
development and analysis. The first dataset, DIVA-V1, is an extension of the annotations on the VIRAT public ground dataset
that was released in 2012 [16], which represented 11 distinct scenes. We have increased the number of annotated activity
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types from 12 to 47 and the number of annotated object types from 5 to 17. This corresponds to a 16x increase in the average
number of activity instances per video clip for the training portion of the VIRAT dataset, with similar enhancements for the
sequestered test data.

The second dataset, DIVA-M1, is a novel collection executed at a controlled facility with urban characteristics where
100+ actors with diverse demographics performing realistic activities over fifteen days. This second collection featured a
combination of scripted and unscripted scenarios, captured by 38 interior / exterior ground-based cameras, which were a
combination of fixed / PTZ and RGB / thermal IR sensors; two RGB cameras on unmanned aerial vehicles; and fourteen
handheld or body-worn cameras. Additionally, all actors were provided with a unique GPS logger for tracking movement
over the course of the data collect to facilitate re-identification during the annotation process. This dataset contains more than
9,300 total hours of raw ground camera data; portions will be annotated for 41 unique activity types, including embedded
threat activities. The remaining two future dataset collections are planned to increase scene, actor, and activity diversity in
both scripted and unscripted collections. Taken as a whole, the effort aims to create a benchmark for surveillance datasets
that is comparable in terms of data samples to datasets like ImageNet [22]] and MS-COCO [15]. These datasets played a
pivotal role in obtaining near human accuracy in tasks such as image classification. DIVA aims to bring these advances and
improve up them in a more focused surveillance setting. Based on the diversity and the size of the DIVA datasets, we believe
they will be useful for developing online algorithms that can be deployed across large surveillance networks.

To this end, we benchmark a variety of baseline approaches representing state-of-the-art in object detection, activity recog-
nition and activity detection. These algorithms demonstrate the open problems in multi-camera surveillance environments
that have been largely unaddressed by state of the art object and activity detectors. Additionally, these algorithms are being
used as test cases in the development of an open source framework that scales up to the camera networks and abstracts the
scale of these networks from the algorithm developers by providing a well-defined API that provides data, evaluation, and
execution support.

In this paper, we provide:

e An overview of the DIVA-V1 and DIVA-M1 datasets,
e A discussion of our annotation methodology,
e Baseline results on activity and object detection.

o A brief discussion of the framework, which is under active development.

1.1. The NIST ActEV Challenge

Portions of this data are being used to support the NIST Activities in Extended Video (ActEV) public challenge [4];
resources include the evaluation plan, scoring code, and a leaderboard tracking the performance of submitted systems on
sequestered data.

2. Related Work

Activity detection is one of the core problems in computer vision with application numerous domains like visual surveil-
lance [6], augmented reality [7, 23] and human computer interaction [[17]. Thus development of activity detectors have been
supported by small scale datasets like Weizmann [8]], PETSO04[11]] and KTH [24]. These datasets had limited data instances,
centered the actors in the scene, and were captured in a controlled environment. They were followed by datasets such as
UCFSports [21], UCF50 [18] and HMDBS51 [14], which used videos from the web to increase the data volume and content
diversity. These datasets primarily focused on single actor activities. The VIRAT video dataset [L6] introduced multi-actor
activities in a real world environment; rather than relying on videos from the internet, this dataset is comprised of long scenes
from fixed cameras obtained across multiple locations.

With the recent surge of interest in video understanding, several new datasets such as UCF101 [25], Kinetics [13] and
Youtube-8M [5] have been introduced. These datasets are significantly larger and more diverse than their predecessors.
UCF101 [235]] is comprised of videos that have been spatially and temporally segmented to have a single activity. Kinetics
[13] and Youtube-8M [3]] are more focused on general video understanding rather than activity detection.

The most similar dataset to ours is WILDTRACK [9]]. This dataset is consists of seven static surveillance style cameras
viewing a single public open area with unscripted pedestrians. The cameras have overlapping fields of view and annotations
are provided for people on 400 frames of each camera at 2 frames per second (i.e. about 3.5 minutes per camera). This is a
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step in the right direction. In comparison, our dataset offers a wider variety of scenes/actors, significantly more raw data and
annotations, multi-modal data, as well as both moving and stationary aerial and ground imagery.

Thus the task of complex activity detection in multi-view environment largely remains an open problem with little effort
to create algorithms that operate on the same scale as image classifiers or object detectors. This lack of progress can be
attributed to the lack of a large dataset to support the research. The DIVA datasets represent the first effort to make a major
contribution to filling this gap and to facilitating development of algorithm for this setting.

3. DIVA Datasets
3.1. DIVA-V1 Dataset
3.1.1 Video Collection

As part of the DARPA Video and Image Retrieval and Analysis Tool (VIRAT) program [12], Kitware coordinated the col-
lection of the ground camera component of the VIRAT Video Dataset [L6]. The dataset consists of approximately 28 hours
of stationary ground videos across 16 different scenes. The data contains both scripted activities and unscripted incidental
background activity.

3.1.2 Annotation Process

Kitware’s in-house annotation team was used to improve and expand the existing VIRAT annotations. These annotations
were track-centric: all people and vehicles were tracked, along with certain object types. Activities were then defined to be
temporal segments of these object tracks. Quality control included automated checks for common errors and an audit process.
Using this process, 14.6 hours of video data were annotated with 17 object types and 45 activity types. Figure[I] visualizes
the differences between the original VIRAT and new DIVA annotations.

As of this writing, 118 V1 clips have been released for training and validation; these total roughly 4.3 hours and contain
7,768 annotated activities.

3.2. DIVA-M1 Dataset
3.2.1 Video Collection

We designed and executed a large-scale video and audio data collection with more than 100 actors and 22 vehicles at an
access-controlled training venue. The recording infrastructure was designed to provide a mix of overlapping and non-
overlapping fields of view at different resolutions of various activities across indoor and outdoor venues at varying times
of day. The scripted portions of data were designed to reflect completely realistic, natural scenarios including background
behaviors and ranged in time from 20 minutes to 8 hours. Actors were managed with a hierarchical structure which desig-
nated a core set of actors as “squad leads” who in turned were responsible for a group of actors to whom they delegated roles,
activities, and props. The resulting data set contains 9,283 hours of scripted and unscripted video data over two weeks across
38 ground-level cameras (PTZ, thermal IR, fixed IP). This data is being annotated to provide spatio-temporal annotations of
selected activities. Figure 2] shows four views collected from the M1 Pilot collection exercise.

3.2.2 Annotation Process

We utilize a multi-step, modular annotation pipeline to provide activity-centric annotations. This contrasts to the track-centric
approach taken with V1. To accommodate the range of complexity in annotation subtasks, we use a combination of in-house
annotators and Mechanical Turk tasks to most effectively process the large volume of video data. Multiple annotators perform
each task to minimize missed instances and increase overall accuracy. Using this process, we are annotating 40 activities and
7 unique objects.

3.2.3 Data Statistics

This data is currently undergoing the annotation process to provide activity-centric, spatio-temporal annotations of selected
activities.
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Figure 1. Comparison of VIRAT and DIVA annotations on a 2m13s clip. Top, VIRAT annotated six activities. Middle, DIVA annotated 51
activities. Bottom, after excluding simple person and vehicle motion, DIVA still has annotated 14 activities.

4. Baseline Tasks and Models
The DIVA evaluation plan, available at [4]], describes three primary tasks, and one secondary tasks:

o Activity Detection (AD): Detect and temporally (but not spatially) localize activities.
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Figure 2. Four images from the M1 Pilot collection

e Activity and Object Detection (AOD): Detect and temporally localize activities, as well as detect and spatially local-
ize objects and people associated with the activity.

e Activity and Object Detection and Tracking (AODT): Similar to AOD, except the participating objects must be
tracked.

o Reference Temporal Segmentation (Secondary) Given a temporally pre-segmented clip, classify the activity it con-
tains.

To support program evaluation, we are providing baseline implementations for these tasks. We have no mandate to conduct
research for these tasks; rather, our role is to identify state-of-the-art algorithms in the academic literature and adapt them as
lightly as possible in order to assess their performance on the DIVA tasks. Additionally, these implementations are used to
inform the development of the DIVA software framework (Sec|6).

To date, we have implemented algorithms for AD (Sec [4.3)), reference temporal segmentation (Sec .2)), and object detec-
tion in partial support of AOD and AODT (Sec [&.1)).

4.1. Object Detection

To identify the participants of an activity and obtain near real-time performance, we used YOLOv2 [19] as benchmark
object detector. The primary challenge in training a deep network on a surveillance dataset is the number of pixels occupied
by the object of interest. Downsampling the image to meet YOLOv2’s [19]] input resolution further exacerbates this problem.
Additionally, the objects tend to have drastically different resolution depending on the scene and distance from camera.

Since YOLOV2 uses regression in a grid cell to localize objects, it tends to perform poorly against small objects that
are clustered in a cell of the grid. The model predicts 2 bounding boxes per cell and a cell is responsible for localization if
the center of the object falls in the cell. This results in a performance decay that has been discussed in more detail in section
[5.2)when compared with PASCAL VOC [10].

4.2. Activity Recognition

We used Convolutional 3D network (C3D) [26]] to classify temporally segmented activities. C3D [26] consists of 3D
convolution and pooling layers which extract spatial and temporal features for an input video. The model uses 8 images to
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determine the activity label. These images are downsampled to 112x112 and treated as a single entity by 3D convolutional
network. 3D convolution operation is an extension of conventional 2D convolution, where the third dimension considers the
neighboring frames of the input feature map or video. This enables the 3D convolution layer to consider both motion between
frames and appearance at the same time. Similarly, the 3D pooling operation performs nonlinear max operation in a spatial
and temporal neighborhood.

The two major challenges in training C3D [26] are image resolution of the network and class imbalance in DIVA-V1.
C3D uses 112x112 image for training and evaluation, these dimensions are approximately 10 times smaller than the original
dimensions. Additionally, similar to object annotations, the activity annotation do not occupy significant portion of the image.
Thus C3D experiences similar performance drop as YOLOv2 [19]. To overcome, class imbalance we oversampled the less
frequently occurring classes at the cost of generalization of network over these classes. The overall and class-wise scores are
available in section

4.3. Activity Detection

To temporally localize activities, we used an extension of C3D. Region Convolutional 3D network (RC3D) [27]] combines
region proposal phase from Faster RCNN [20] with 3D convolution to determine the temporal bounds along with the label
for an activity. RC3D defines a set of temporal anchors as a starting point to localize the activity. These anchors slide along
the temporal extent of the video to determine if an activity occurs in the region. If activation for an activity is beyond certain
threshold, the temporal extents are improved using regression and 3D convolution is used to classify the temporal tubes.
R-C3D [27]] uses a video buffer of 768 frames and 1 frame is sampled out of 8 frames. Thus the temporal extent of the buffer
is 6144 frames. If the video is larger than 6144 frames, temporal window creating the buffer shifts with a stride of 1536.
RC3D uses 27 anchors that comprises of all even numbers from 2 to 56 frames. Since these operate on the video buffer, the
temporal extent of these anchors vary between 16 to 448 frames.

As with C3D [26], the generalization for RC3D [27] suffers from the class imbalance. However, while in C3D [_27] this
has to be explicitly addressed using oversampling, RC3D handles class imbalance out of the box. Due to its C3D [26] roots,
the image resolution of RC3D is 112x112 which results in significant information loss from downsampling.

5. Experiments
All the models detailed below were trained using the training and validation of DIVA-V1 dataset.
5.1. Evaluation Metric

To evaluate object detectors we used mean average precision (mAP) for the two classes and F1-score. This is the standard
metric for object detection and allows for direct comparison of algorithms on multiple dataset to determine the performance
change across datasets.

For activity recognition and activity detection, we rely on two metric. The primary metric is probability of missed detection
(Ppniss) at fixed rates of false alarms (Rater 4). This is a binary detection measure to analyze the performance trends as the
rate of false alarms increases and is suited for surveillance streams. The secondary metric is Normalized Multiple Instance
Detection Error (NMIDE) which measures the quality of temporal localization of the activity.

To compute P,,;ss@QRatera, we need to determine the mapping between temporal detection of an algorithm with the
ground truth. The metric treats this as a Bipartite matching problem and uses Hungarian solution to find the mapping. The
kernel function used to assign score to matches is defined by equation|[T}

K(Ig,,9)=0
K(Qba IS]‘) =-1
K(Ig,,Is;) = ¢ if Activity(Is;)! = Activity(Ig,)
= ¢ ZfIOU(IRL,ISJ) <= AIOU
=1 +EIOU * IOU(IR”ISJ.)'F
Eap * AP.(Is;) , otherwise (1
where, Ig,, Is; are ground-truth and activity detector output respectively, JOU is temporal intersection over union that
is computed using equation K is the kernel score, Deltajoy = 0.2, Eroy = 1078, E4ap = 107% and APC(ISJ) is
computed using equation[3]

Intersection(Ig,,Is.)
I I, Ig.)= L
OU(Ir;; Is;) Union(Ig,,Is,)

2
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AP(Ig,) — APin(S
AP,(15,) = aUs) (Sar) 3)
APma:c (SD) - Apmin(SAP)
where, AP(T s, ) is the presence confidence of activity I 5, Sap is an algorithm’s confidence score and APy, (Sap), APpmaz(Sap)
are minimum and maximum values of confidence score in S 4p.
Based on the matching, P,,;ss(7) and Ratep (7) is given by equation {]and [5|respectively.

NMD(T)

Pmiss T)= (4)

( ) NTrueInstances
NFA (T)
Rat = 5
atera(r) VideoDurationInMinutes )
The NMIDE score is computed using equation
Nma e
ZW *(Cmp * 3py 56, +
Cra* y=arp iéID TIN5
NMIDE = =1 TR (6)

Nmapped

where, M Dy, FA; and NS; are missed detection, false alarms and no score for activity instance I. Cy;p and Cpy are
constants with values 1, V' is video duration and Ny, qppeq Number of instances mapped between the algorithm’s output and
ground truth.

5.2. Object Detection Results

Figure 3. Example of participants in a scene in DIVA-V1

Table[T] shows the significant decrease in performance for both people and car. As discussed earlier, this can be primarily
attributed to the size of an object of interest. Figure [3] show an example with 3 individuals in the scene along with the
difference in image resolution and object resolution. Although this can be resolved to a certain extent by lowering the
confidence threshold. Lowering the confidence threshold tends to increase the false positive detection in an image.

Dataset Precision mAP | F1-Score
Person | Car

Pascal VOC | 0.87 | 0.87 | 0.76* -

DIVA-V1 0.59 0.53 | 0.56 0.25
Table 1. Performance comparison of YOLO-V2 on Pascal VOC and DIVA-V1 dataset. * represents mAP score for the entire Pascal
VOC dataset.
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Ratepy | 0.15 0.1 0.2 1.0 n-mide

Poiss 0.997 | 0.997 | 0.993 | 0.958 | 0.692
Table 2. Performance of C3D on DIVA-V1 dataset

5.3. Activity Recognition Results

Table [2] shows the overall probability of missing detection at different false positive rates along with the n-mide score for
C3D [26]. Compared to R-C3D [27], C3D tends to miss more detection across all the frame rates but has a very high n-mide
score which suggests that confidence value C3D associates with the detection is much higher R-C3D. The overall low scores
would be due to high miss-classification rate at high confidence. We believe this to be due to the short temporal extent that
c3d uses to make predictions. Figure @ show the activity wise breakout of missed detection at different false positive rates.
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Figure 4. Performance curves for C3D on DIVA-V1 dataset

5.4. Activity Detection Results

Table 3] shows the overall probability of missing detection at different false positive rates along with the n-mide score for
RC3D [27]. Low n-mide score suggests that the detector has very low confidence associated with the temporal regions of
the activity. This can be attributed to the loss of information that occurs from image downsampling. Although surprisingly it
performs better than C3D in the overall evaluation and for every activity that was scored.

Rategpa | 0.15 0.1 0.2 1.0 n-mide

Poiss 0.855 | 0.866 | 0.846 | 0.724 | 0.214
Table 3. Performance of RC3D on DIVA-V1 dataset

6. Framework

To enable performers to focus on research fundamental to the DIVA tasks, we are developing an open-source framework
designed to allow researchers to deploy their algorithms at scale. Our framework is based on KWIVER [3]], a cross-platform
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Figure 5. Performance curves for RC3D on DIVA-V1 dataset

computer vision systems toolkit which supplies support for fundamental computer vision data types, processing pipelines,
and algorithm implementation dynamically selectable at run-time via shared library loading. Recent work on KWIVER has
extended the capabilities to include multiprocessing, using ZeroMQ to transfer data between system nodes. The intent is
that by developing against the DIVA framework API, researchers can seamlessly transfer their algorithms from development
systems to large-scale deployments. This work is related to the Baseline effort (Sec[d), which are used as prototype algorithms
to inform framework development. The DIVA framework may be found on github [2].

7. Conclusion

In this paper, we have presented our work supporting the Test and Evaluation effort on the IARPA DIVA program. In
particular, we have described two new datasets focused on activity detection and recognition in surveillance and public safety
data, which we hope will become a benchmark reference for the research community. This type of data has video and
activity distribution characteristics which differ from typical “consumer-oriented”” video of the sort normally addressed in the
literature, motivating the need for a new dataset. We have additionally described our work implementing baseline algorithms
to establish reference performance levels against this data. Portions of this data are being used in the ongoing NIST ActEV
challenge, in whose leaderboard our baseline algorithms participate. Finally, to support transition of research products to
large-scale evaluation and deployment environment, we discussed our development of an open-source software framework
for multi-camera video processing and analytics.
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