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NOT‘? Cambndge’ ms)’ A sequence of images of a scene having varying spatio 
snmvasa G‘ Naraslmhall’ Presto’ temporal resolutions is acquired by a sensor of a camera. 
PA (Us); Mohlt Gupta, Plnsburgh, Adjacent pixels of the sensor are partitioned into a multiple 
PA (Us) sets of the pixels.An integration time for acquiring each set of 

pixels is partitioned into multiple time intervals. The images 
are acquired While some of the pixels in each set are ON for 

(21) Appl. No.: 12/751,216 some of the intervals, While other pixels are OFF. Then, the 
pixels are combined into a space-time volume of voxels, 
Wherein the voxels have varying spatial resolutions and vary 

(22) Filed: Mar. 31, 2010 ing temporal resolutions. 
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Fig. 8 
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Fig. 9 
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VIDEO CAMERA FOR ACQUIRING IMAGES 
WITH VARYING SPATIO-TEMPORAL 

RESOLUTIONS 

FIELD OF THE INVENTION 

[0001] This invention relates generally to video graphy, and 
more particularly to acquiring videos With varying spatio 
temporal resolution. 

BACKGROUND OF THE INVENTION 

[0002] A video camera is designed to take into account 
trade-offs betWeen spatial resolution (SR), and temporal reso 
lution (TR). The camera can acquire a ?xed number of voxels 
of a scene over time, i.e., a space-time volume V(x, y, t). 
[0003] As shoWn in FIG. 1, the shape ofthe voxels can vary 
from thin in space and long in time for high SR and loW TR, 
to fat in space and short in time for high TR and loW SR, as 
shoWn in FIG. 2. 
[0004] Videos of real World scenes can have a Wide range of 
motions, from static objects 101 to rapidly moving objects 
102. A high SR camera that acquires ?ne spatial details has 
large motion blur. A high TR camera looses details even for 
static and sloW moving regions of the scene. 
[0005] As shoWn in FIG. 3, region-of-interest (ROI) bin 
ning crops the ?eld of vieW to gain temporal resolution. 
Acquiring such a sequence requires different voxel shapes at 
different locations in the space-time volume. HoWever, for 
conventional video cameras, the shape of the voxels is the 
same for the entire sensor array, and is ?xed before images of 
the scene are acquired. 

[0006] In the prior art, multiple-resolution images, for the 
purpose of maximizing resolution and minimizing motion 
blur, are typically acquired by multiple cameras. Those tech 
niques require as many cameras the number of desired spatio 
temporal resolutions. The need for the cameras to be regis 
tered With each other places severe constraints on the scenes 
or requires the cameras to be co-located. Region-of-interest 
(ROI) binning, see FIG. 3, acquires different spatio-temporal 
resolutions at different sensor locations. HoWever, ROI bin 
ning only has one resolution per sensor location. Thus, the 
resolution for each sensor still must be predetermined 
[0007] Another fundamental trade-off in the video camera 
is betWeen the temporal resolution and the signal-to-noise 
ratio (SNR). It is Well knoWn that high-speed cameras suffer 
from high image noise in loWlight conditions. Fast shutters 
have been used for motion deblurring and resolution enhance 
ment. 

[0008] For a conventional video camera, the sampling of 
the space-time volume is decided before images are acquired. 
Given a ?xed number voxels, a high SR camera samples the 
temporal dimension sparsely, resulting in large motion blur, 
and aliasing. A high-speed camera unnecessarily trades SR 
for TR, even for the static and sloW-moving regions of the 
scene. 

[0009] It is desired to vary the spatial and temporal resolu 
tion in a video based on the content of the images. 

SUMMARY OF THE INVENTION 

[0010] The invention provides a method for acquiring a 
sequence of images (video) With a single camera that can have 
variable spatio-temporal resolution. The camera samples the 
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space-time volume, i.e., a scene over time, in such Way that it 
enables changing shapes of voxels, after the voxels are 
acquired. 
[0011] Flexible sampling achieves different combinations 
of spatial resolutions (SR) and temporal resolution (TR) 
across a space-time volume, resulting in maximal spatial 
detail, While minimiZing motion blur. 
[0012] The sampling can also use multiplexed sampling. 
Multiplexing enables acquiring more light per-pixel. 
[0013] It is an object of the invention to acquire videos 
amenable to a variety of post-acquisition interpretations. 
Depending on the content at each space location and time 
intervals, different combinations of spatial and temporal reso 
lutions can be selected. 
[0014] Image segmentation, or background subtraction can 
be used to identify static and moving region of the scene to 
automatically select the various spatio-temporal resolutions. 
[0015] An active implementation uses structured light from 
a projector to illuminate the scene during the of each image. 
[0016] A passive implementation uses an on-chip solution 
to vary the integration time for each pixel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a schematic of voxels acquired at a high 
spatial resolution; 
[0018] FIG. 2 is a schematic of voxels acquired at a high 
temporal resolution; 
[0019] FIG. 3 is a schematic of voxels acquire using region 
of-interest binning; 
[0020] FIG. 4 is a schematic of voxels acquired With vary 
ing spatio-temporal resolutions according to embodiments of 
the invention; 
[0021] FIG. 5A is a schematic of four adjacent pixels With 
partitioned according to embodiments of the invention; 
[0022] FIG. 5B is a schematic of the four pixels arranged to 
provide different effective spatio-temporal resolutions during 
post processing according to embodiments of the invention; 
[0023] FIGS. 6-10 are schematics of pixels arranged in an 
increasing temporal resolution, and a decreasing spatial reso 
lution according to embodiments of the invention; 
[0024] FIG. 11 is a schematic of multiplexed pixel accord 
ing to embodiments of the invention; 
[0025] FIG. 12 is a schematic of a camera according to 
embodiments of the invention With passive illumination; 
[0026] FIG. 13 is a schematic of a camera and projector 
according to embodiments of the invention With active illu 
mination; and 
[0027] FIG. 14 is a block diagram ofa method according to 
embodiments of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0028] Content-AWare Variable Sampling of a Space-Time 
Volume 
[0029] The embodiments of the invention provide a method 
for sampling a space-time volume using content-aWare ?ex 
ible sampling. 
[0030] Therefore, as shoWn in FIG. 4, We acquire a 
sequence of images (video) at multiple spatio-temporal reso 
lutions currently With a single video camera. 
[0031] Voxels in the images at multiple spatio-temporal 
resolutions are amenable to a variety of post-processing 
operations. The processed voxels can then be combined spa 
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tially and temporally to minimize motion blur for moving 
objects, While keeping a high spatial resolution for static 
objects. 
[0032] Acquiring Multiple Space-Time Resolutions Con 
currently 
[0033] FIG. 5A shoWs a set of four adjacent pixels 1-4 in 
space x and time t. We partition integration time 501 of the 
camera sensor into (four) equal intervals. Each of the four 
pixels is ON for some, e.g., one or tWo, of the intervals during 
the time of a single image, and OFF otherWise. Here, White 
indicates ON, and texture indicates OFF. By sWitching each 
pixel ON during a different time interval, We ensure that each 
pixel has sampled the space-time volume at different loca 
tions and different time intervals. 
[0034] Conventionally, the integration time is from When 
the shutter opens until the shutter closes. According to the 
invention, pixels integrate only When the pixels are on, Which 
can be a fraction of the integration time for each image. 
[0035] Thus, for a set of K adjacent pixels, each pixel is on 
for a temporal sub-interval of length 1/K. Each pixel samples 
the space-time volume V at different locations x. 
[0036] As shoWn in FIG. 5B, We can achieve different 
effective spatio-temporal resolutions by simply arranging 
these measurements differently during the post processing. 
[0037] Four pixels 511 are interpreted as temporal samples. 
This arrangement assumes spatial smoothness, i.e., a spatial 
resolution is 1/4, and results in a fourfold gain in temporal 
resolution. We call this arrangement [4, 1/4]. 
[0038] Four pixels 512 are interpreted as spatial samples. 
This arrangement assumes temporal smoothness, i.e., a static 
scene. We call this arrangement [1, 1/ 1]. 
[0039] For four pixel 513, pixels 1 and 2 are used as differ 
ent spatial samples, but the same temporal samples, and pix 
els 3 and 4 are used as different spatial samples but the same 
temporal samples 513. For this, We assume part spatial 
smoothness and part temporal-smoothness. We call this 
arrangement [2, 1/2]. 
[0040] In general, if We are using a set of K pixels, then the 
number of different resolutions possible is equal to the num 
ber of distinct divisors of K. The maximum temporal resolu 
tion gain is K. For example, ifWe use a set of4><4:16 pixels, 
We can measure ?ve different resolutions, With a maximum 
temporal resolution gain of 16. The locations are staggered so 
that if We partition the K pixels into P sub-sets of consecutive 
temporal locations, each set spreads out evenly across the 
K-neighborhood. 
[0041] It is understood that other arrangements are also 
possible, e.g., 2x2, 8x8, etc. The only requirement is that 
some pixels are for controlling the spatial resolution, and 
others are used for controlling the temporal resolution, 
[0042] FIGS. 6-10 shoWs the temporal ?ring order for the 
spatial grouping of 4x4 pixels, respectively, as compared to 
the acquired image. Each pixel is on for 1/16 of the time of a 
single image. As before, different spatio-temporal arrange 
ments of the measurements result in different [TR, SR] fac 
tors: [1, 1/1],[2,1/2],[4, 1/4],[8, 1/8],and[16,1/16].F1GS. 
6-10 are arranged in an increasing temporal resolution, and a 
decreasing spatial resolution. 
[0043] Because We have acquired multiple spatio-temporal 
resolutions at each image location, the spatio-temporal reso 
lution (voxel shape) can be determined independently for 
each space location and time interval during the post process 
ing. Regions in the images can be marked for the different 
desired space-time resolutions. 
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[0044] If only fast-moving regions are marked, then, We 
minimiZe the motion blur on a fast moving object, as Well as 
keep high spatial resolution on the static and sloW moving s of 
the scene. 

[0045] The marking can be performed automatically by 
using background subtraction or motion-segmentation to 
identify pixels associated With moving objects. 
[0046] Multiplexed Sensing for High SNR 
[0047] One disadvantage of sWitching the pixels on for only 
a fraction of the time is that each pixel receives less light 
leading to loW signal-to-noise ratio (SNR). The tradeoff 
betWeen temporal resolution and SNR is Well knoWn. High 
speed cameras suffer from high image noise in loWlight con 
ditions. 
[0048] We counter this trade-off by incorporating multi 
plexing into our sampling scheme. Multiplexing enables 
acquiring more light per pixel. This is similar in spirit to 
acquiring images using multiplexed illumination for achiev 
ing higher SNR. 
[0049] By using multiplexed pixels, as shoWn in FIG. 11, 
each pixel gathers more light resulting in a higher SNR. In one 
embodiment, We use Hadamard codes to multiplex. 
[0050] Post-acquisition reshaping of the voxels can be 
achieved by de-multiplexing the codes. Each pixel is on for 

approximately 50% of the time. The gain is V K/2. The gain is 
K/2 for static regions of the scene because We do not require 
any demultiplexing. 
[0051] SNR Gain With Multiplexed Sampling 
[0052] For example, the scene includes a rapidly moving 
object and a static object. With multiplexing, each pixel gath 
ers more light resulting in a higher SNR in the acquired 
images. The SNR gain for multiplexed sampling, When com 
pared With identity sampling as in FIG. 5A, is larger for the 
static parts of the scene as compared to the moving regions. 
[0053] FIG. 12 shoWs our camera 10. The camera includes 
a lens 11, sensor 12 and processor. The output of the camera 
is a sequence of images 13. 

[0054] The processor generates a signal 14 Which controls 
an time for each pixel of the sensor, Which can vary. The 
sensor outputs a signal 15 When a particular interval is com 
plete, that is the image 13. 
[0055] Structured Light 
[0056] FIG. 13 shoWs an alternative embodiment that uses 
a conventional camera 21, and a conventional digital light 
projector (DLP) Which can control the projector pixels on an 
individual basis at extremely rapid rates, e.g., 2 kHZ. 
[0057] The projector illuminates the scene via a beam split 
ter 23 to achieve a rapid per pixel temporal modulation during 
the integration time of the camera to achieve the desired 
spatio-temporal resolution With a maximum frame-rate of 
240 HZ., even though the frame rate of the camera is only 15 
HZ. 

[0058] Method Steps 
[0059] FIG. 14 shoW the basic steps of our method. The 
method can be performed by the processor 14 as the images 
are acquired, or any time later by a conventional processor 
including memory and input/output interfaces as knoWn in 
the art. 

[0060] The method partitions 1410 pixels ofa sensor 1401 
of a camera into multiple sets 1411 of the pixels, While the 
integration time for each image is partitioned into multiple 
intervals. 
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[0061] Each image 1421 is then acquired 1420 While some 
of the pixels in each set are ON for some of the intervals, While 
other pixels in the set are OFF for some of the intervals. 
[0062] Then, the pixels of the images 1421 are combined 
1430 into a space-time volume 1431 of voxels, Wherein the 
voxels have varying spatial resolutions and varying temporal 
resolutions. 
[0063] Although the invention has been described by Way 
of examples of preferred embodiments, it is to be understood 
that various other adaptations and modi?cations may be made 
Within the spirit and scope of the invention. Therefore, it is the 
object of the appended claims to cover all such variations and 
modi?cations as come Within the true spirit and scope of the 
invention. 

We claim: 
1. A method for acquiring a sequence of images of a scene 

With a single camera, Wherein the sequence of images has 
varying spatio-temporal resolutions, comprising the step of: 

partitioning spatially adjacent pixels of a sensor of a cam 
era into a plurality of sets of the pixels; 

partitioning temporally an integration time for acquiring 
each set of pixels into a plurality of intervals; 

acquiring each image While some of the pixels in each set 
are ON for some of the intervals, While other pixels are 

OFF; 
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combining the pixels of the images into a space-time vol 
ume of voxels, Wherein the voxels have varying spatial 
resolutions and varying temporal resolutions. 

2. The method of claim 1, Wherein the scene has static 
regions and moving regions, and Wherein the static regions in 
the space-time volume have a higher resolution that the mov 
ing regions, and the moving regions have a higher temporal 
resolution than the static regions. 

3. The method of claim 1, Wherein the spatial resolution 
and the temporal resolution for each pixel is determined inde 
pendently. 

4. The method of claim 1, further comprising: 
marking the regions as the static regions or the moving 

regions. 
5. The method of claim 4, Wherein the regions are marked 

using background subtraction. 
6. The method of claim 4, Wherein the regions are marked 

using motion segmentation. 
7. The method of claim 1, Wherein the pixels are ON for 

multiple intervals during the integration time. 
8. The method of claim 1, Wherein the camera is conven 

tional, and further comprising: 
illuminating the scene With a structured light pattern to turn 

the pixels ON and OFF. 
9. The method of claim 8, Wherein the structured light 

pattern uses Hadamard codes. 

* * * * * 


