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Abstract

We present a method for stabilizing handheld video that

simulates the camera motions cinematographers achieve

with equipment like tripods, dollies, and Steadicams. We

formulate a constrained convex optimization problem min-

imizing the ℓ1-norm of the first three derivatives of the sta-

bilized motion. Our approach extends the work of Grund-

mann et al. [9] by solving with full homographies (rather

than affinities) in order to correct perspective, preserv-

ing linearity by working in log-homography space. We

also construct crop constraints that preserve field-of-view;

model the problem as a quadratic (rather than linear) pro-

gram to allow for an ℓ2 term encouraging fidelity to the

original trajectory; and add constraints and objectives to

reduce distortion. Furthermore, we propose new methods

for handling salient objects via both inclusion constraints

and centering objectives. Finally, we describe a window-

ing strategy to approximate the solution in linear time and

bounded memory. Our method is computationally efficient,

running at 300fps on an iPhone XS, and yields high-quality

results, as we demonstrate with a collection of stabilized

videos, quantitative and qualitative comparisons to [9] and

other methods, and an ablation study.

1. Introduction

In recent years, individuals have increasingly been

shooting video with smartphones and other handheld de-

vices. Unlike professional cinematographers, however, they

usually do not carry stabilization equipment such as tripods,

dollies, or Steadicams, and they may not have the time or

training to shoot with cinematic intent. We want to sta-

bilize these casually-shot, handheld videos to clean up the

shaky camera motion into the smooth motions characteris-

tic of professional cinematography to create a more aesthet-

ically pleasing video that allows the viewer to better focus

on the content. Further, we may wish to guide the stabi-

lization based on salient objects, for example to try to keep

them centered or at least within the stabilized frame.

Video stabilization methods can generally be categorized

as 2D, 2.5D, or 3D. 3D methods model the full 3D scene
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Figure 1: We seek a stabilized trajectory that mimics the

camera motions of professionally-shot video, namely sta-

tionary, panning, and constant acceleration motions that

might be shot with a tripod, dolly, or Steadicam. These mo-

tions correspond to zero first, second, and third derivatives.
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Figure 2: Comparison of Cinematic-L1 and Gaussian

smoothing (corresponding to video fountain-tripod-smooth-

l1.mp4 in supplementary material). Each subplot shows

the value over time of a single translation or keystone ho-

mography element (where homographies map between con-

secutive frames). Gaussian smoothing just removes high-

frequency motion, while L1 stabilization yields a constant-

velocity pan followed by a ‘tripod’ segment. (For corre-

sponding derivative plots, see supplement B.)

structure, often via Structure from Motion (SFM) [13, 23],

and stabilize using full 3D reprojections or intelligent ap-

proximations like Content Preserving Warps [15]. 3D meth-

ods are the most powerful, but tend to be slower (SFM per-

formance is improving but still costly) and less robust than

simpler methods. 2.5D methods seek to handle depth vari-
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ation in the scene without full 3D scene reconstruction and

tend to be faster than 3D: [16] exploit the fact that motion

trajectories of rigid scenes tend to lie in low-dimension sub-

spaces; [18] uses multiple bundled homographies to handle

scene depth variations; [17, 19] perform spatial smoothing

of an optical flow field and nonparametric mesh, respec-

tively; and [7] use an epipolar geometry model.

Our approach belongs to the 2D class, which do not han-

dle scene depth variation and can suffer from parallax, but

have advantages of robustness and speed. In performance-

critical contexts like capture-time video stabilization where

inertial sensor (gyro/accel) data is available but pixel-based

analysis is too costly, the scene structure cannot be de-

termined and 2D models are the only choice. An impor-

tant class of 2D methods focus on rolling-shutter correc-

tion [8, 10, 21]; such methods are complementary to ours,

and can be run as a preprocessing step (supplement A.5).

The basic stages of video stabilization are ‘analysis’: de-

termining frame-to-frame transforms that describe the orig-

inal camera trajectory, and ‘correction’: computing trans-

forms to apply to each frame plus a final crop rectangle

to generate a stabilized video. 2D analysis generally re-

lies on either pixel-based image registration techniques [2],

or leveraging hardware motion sensor data [12]. There are

many possible strategies for the correction phase. One is

‘virtual tripod’: mapping each frame back to a reference by

chaining and inverting the analysis transforms; but this will

fail for videos with too much motion (crop will be empty).

Another is ‘smoothing’ by applying a fixed or variable ker-

nel (Gaussian, for example) to the input trajectory to remove

the high-frequency motion [10]; this is fairly robust, though

it never achieves perfect tripod-stabilization or constant-

velocity pan. Neither tripod nor fixed-kernel smoothing of-

fer control over the amount of crop, or the possibility of

guidance based on saliency.

Inspired by the proposal of Grundmann et al. in [9], we

focus on a powerful, flexible ‘L1’ correction strategy. The

goal is to create a stabilized trajectory consisting of station-

ary, constant-velocity pan, and constant-acceleration seg-

ments, so the video looks as though it had been shot with

professional camera equipment (tripod, dolly, Steadicam,

respectively). (This type of cinematography-inspired sta-

bilization criteria was first proposed by [6].) [9] formulate

the video stabilization problem as a linear program, use the

ℓ1-norm heuristic to encourage sparsity [22] in the deriva-

tives of the smoothed trajectory (see figure 1), and add con-

straints for crop, distortion, and possibly salient points. The

convex formulation is key to good performance, since it al-

lows for the use of interior-point methods, which efficiently

solve large, sparse, convex problems [3]. Subsequently,

convex ‘L1’ type approaches have been explored by oth-

ers: [5] create multiple clips focusing on different actors

with a convex formulation involving saliency constraints

and an L1 penalty, [1] propose a windowing approach that

allows for online processing, and [20] add an ℓ2 term en-

couraging closeness to the input.

[9], as well as [1, 5, 20], formulate the optimization

problem using an affine model for the analysis and correc-

tion transforms. Affinities can capture translation, rotation,

scale, and shear, but cannot model perspective (keystone),

which limits the quality of stabilization. The more general

class of homographies accounts for perspective, and fully

captures the projective relationship between two images of

a plane [11]. Homographies are represented as 3x3 nonsin-

gular homogeneous matrices (that is, only the ratio of the

elements is significant, or put another way, homographies

are equivalent up to normalization). Homographies are a

powerful tool for stabilization, but the nonlinearity poses

many technical difficulties in the convex problem formula-

tion. Although homographies themselves are convex [3],

compositions or other complex expressions involving ho-

mographies quickly become intractable. [9] refine the affine

solution with homographies in a post-process ‘residual mo-

tion suppression’ step, which helps correct the residual key-

stone, but this is less principled than solving directly with

homographies and can have undesirable side-effects like

consuming significantly more crop.

1.1. Contributions

Our strategy is to follow [9] in formulating the video

stabilization problem as a convex optimization problem,

wherein we encourage sparsity in the first three derivatives

of the stabilized motion by minimizing the ℓ1-norm, sub-

ject to crop and other constraints. We build upon their ap-

proach by solving with homographies rather than affinities

(by introducing a log-homography transform), modeling the

problem as a quadratic rather than linear program so we can

add ℓ2 terms to discourage large excursions from the input

trajectory, improving upon the crop constraints, address-

ing various distortion concerns, in particular some that arise

from homographies as opposed to affinities, and proposing

new ways to deal with salient objects with both constraints

and centering objectives. Finally, we describe a windowing

strategy to approximate the global L1 solution in linear time

and bounded memory. Figure 2 compares L1 stabilization

to Gaussian smoothing. Figure 3 shows L1 stabilization re-

sults for a longer, more complex, video.

• Log-homography transform. Using homographies

rather than affinities allows for much more precise,

high-quality stabilization, but the nonlinearity intro-

duced by the perspective transform creates serious

technical difficulties in the convex formulation. In or-

der to handle homographies while preserving convex-

ity, we introduce a log-homography transform based

on Lie theory that allows us to express the problem in

terms of linear and quadratic operations.
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• Crop constraints preserving field-of-view. We develop

crop constraints that not only ensure that the crop win-

dow samples valid pixels, but also that the transforms

preserve field-of-view, via approximations in terms of

area and sidelength. We show how to linearize these

constraints using the Jacobian.
• Fidelity objective term and variable stabilization

strength. We add an ℓ2 objective term to encourage

fidelity to the input path in order to respect intent, re-

duce distortion, and optionally provide granular con-

trol over the stabilization strength. (This is similar to

the ℓ2 term used in [20].)
• Distortion mitigation. Beyond the fidelity term,

we also address distortion issues via constraints

and objectives applied to the affine diagonal ele-

ments, off-diagonal elements, and homography key-

stone/translation ratios.
• Saliency. We propose two strategies for handling

salient objects: constraints to keep salient objects from

being cropped out of the stabilized frame, and center-

ing objective terms to attempt to keep salient objects

close to the center of the stabilized frame.
• Windowed L1. In order to handle arbitrary-length

videos, we describe an overlapping-window strategy

that runs in linear time and bounded memory and ap-

proximates the global solution given sufficient looka-

head. A Markov property allows us to capture the com-

plete history via a three-frame window initialization.

(Both [1] and [20] describe windowing approaches for

affine models, but neither exploits the Markov prop-

erty: [1]’s CineConvex formulation adds constraints

on overlapping segments rather than just 3 frames,

and [20] compute independent solutions on overlap-

ping windows and use a weighted average.)

2. L1 stabilization with log-homographies

As discussed in the introduction, video stabilization con-

sists of two phases, ‘analysis’ and ‘correction’, where the

analysis phase seeks to estimate homographies mapping

consecutive frames of the input, and the correction phase

determines correction transforms to be applied to each

frame, along with an overall crop. The focus of this work

is on the second phase, so we assume from now on that

the analysis homographies are known constants, denoted

by {Ft}. Let {Pt} denote the homography corrections to

be applied to a fixed centered crop window to stabilize the

video. (Note that we would apply {P−1
t } to the original

video frames, then crop, to render the stabilized video.)

Ft maps input t → t− 1

F̃t = F0 . . . Ft maps input t → 0

St = F̃tPt maps stabilized t → 0 (1)
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Figure 3: L1 stabilization results for supplementary video

river-l1.mp4. Top: Translation elements of homographies

over time (where homographies map between consecutive

frames). Bottom: Sparse absolute values of first (e1), sec-

ond (e2), and third (e3) derivatives of L1 stabilized path (per

equation 4) (only translation elements are shown; see sup-

plement B for plots of all elements.)

We formulate the stabilization problem as a convex opti-

mization problem in the variables Pt, with constraints and

objectives that achieve the following goals:

• encourage sparse first, second, and third derivatives of

the stabilized motion St by minimizing the ℓ1-norm (as

proposed by [9]) – these zero derivatives correspond to

tripod, panning, and smoothly accelerating motions.

• encourage fidelity of the stabilized to the original cam-

era path, by keeping corrections small in an ℓ2 sense.

• respect crop constraints by ensuring both valid pixels

in the crop window and preservation of field-of-view.

• minimize distortion via objective terms and constraints

that control the relationships between elements of the

correction homographies.

• optionally, keep ‘salient’ objects either approximately

centered or in frame.

In order to support homographies (as opposed to affini-

ties) while maintaining convexity, we linearize the problem

by transforming to the vector space of log-homographies.

In this section, we describe the log-homography transfor-

mation (with a brief introduction to the Lie theory that sup-

ports it) and show how to express or approximate each of

the items above in the resulting framework.

2.1. Log homographies

The basic motivation for the log-homography transform

is to turn complex nonlinear operations (composition and

inverses of homographies) into simple linear operations

(addition and negation of log-homographies, respectively).

These properties are analogous to those of the standard
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H1H2
<latexit sha1_base64="NenDmi4O/dMVotM1BH4VCnk7W7E=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeClx4r2A9oQ9hsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq5NMMeywRCSqH1KNgkvsGG4E9lOFNA4F9sLp/cLvPaHSPJGPZpaiH9Ox5BFn1Fip1wo80goaQbXm1t0lyCbxClKDAu2g+jUcJSyLURomqNYDz02Nn1NlOBM4rwwzjSllUzrGgaWSxqj9fHnunFxZZUSiRNmShizV3xM5jbWexaHtjKmZ6HVvIf7nDTIT3fk5l2lmULLVoigTxCRk8TsZcYXMiJkllClubyVsQhVlxiZUsSF46y9vkm6j7rl17+Gm1nSLOMpwAZdwDR7cQhNa0IYOMJjCM7zCm5M6L86787FqLTnFzDn8gfP5A870jn8=</latexit><latexit sha1_base64="NenDmi4O/dMVotM1BH4VCnk7W7E=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeClx4r2A9oQ9hsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq5NMMeywRCSqH1KNgkvsGG4E9lOFNA4F9sLp/cLvPaHSPJGPZpaiH9Ox5BFn1Fip1wo80goaQbXm1t0lyCbxClKDAu2g+jUcJSyLURomqNYDz02Nn1NlOBM4rwwzjSllUzrGgaWSxqj9fHnunFxZZUSiRNmShizV3xM5jbWexaHtjKmZ6HVvIf7nDTIT3fk5l2lmULLVoigTxCRk8TsZcYXMiJkllClubyVsQhVlxiZUsSF46y9vkm6j7rl17+Gm1nSLOMpwAZdwDR7cQhNa0IYOMJjCM7zCm5M6L86787FqLTnFzDn8gfP5A870jn8=</latexit><latexit sha1_base64="NenDmi4O/dMVotM1BH4VCnk7W7E=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeClx4r2A9oQ9hsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq5NMMeywRCSqH1KNgkvsGG4E9lOFNA4F9sLp/cLvPaHSPJGPZpaiH9Ox5BFn1Fip1wo80goaQbXm1t0lyCbxClKDAu2g+jUcJSyLURomqNYDz02Nn1NlOBM4rwwzjSllUzrGgaWSxqj9fHnunFxZZUSiRNmShizV3xM5jbWexaHtjKmZ6HVvIf7nDTIT3fk5l2lmULLVoigTxCRk8TsZcYXMiJkllClubyVsQhVlxiZUsSF46y9vkm6j7rl17+Gm1nSLOMpwAZdwDR7cQhNa0IYOMJjCM7zCm5M6L86787FqLTnFzDn8gfP5A870jn8=</latexit><latexit sha1_base64="NenDmi4O/dMVotM1BH4VCnk7W7E=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeClx4r2A9oQ9hsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dkpb2zu7e+X9ysHh0fFJ9fSsq5NMMeywRCSqH1KNgkvsGG4E9lOFNA4F9sLp/cLvPaHSPJGPZpaiH9Ox5BFn1Fip1wo80goaQbXm1t0lyCbxClKDAu2g+jUcJSyLURomqNYDz02Nn1NlOBM4rwwzjSllUzrGgaWSxqj9fHnunFxZZUSiRNmShizV3xM5jbWexaHtjKmZ6HVvIf7nDTIT3fk5l2lmULLVoigTxCRk8TsZcYXMiJkllClubyVsQhVlxiZUsSF46y9vkm6j7rl17+Gm1nSLOMpwAZdwDR7cQhNa0IYOMJjCM7zCm5M6L86787FqLTnFzDn8gfP5A870jn8=</latexit>

≈ logH1 + logH2
<latexit sha1_base64="zmAjhD2CzxUYY31fflkRERTNPu8=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiCEKZKYIuC266rGAv0ClDJs20oZkkJBmxDF248VXcuFDErQ/hzrcxbUfQ1h8CH/85h5PzR5JRbTzvyymsrW9sbhW3Szu7e/sH7uFRW4tUYdLCggnVjZAmjHLSMtQw0pWKoCRipBONr2f1zh1Rmgp+ayaS9BM05DSmGBlrhW45QFIqcQ8DJoawEfrw/AdroVvxqt5ccBX8HCogVzN0P4OBwGlCuMEMad3zPWn6GVKGYkampSDVRCI8RkPSs8hRQnQ/mx8xhafWGcBYKPu4gXP390SGEq0nSWQ7E2RGerk2M/+r9VITX/UzymVqCMeLRXHKoBFwlggcUEWwYRMLCCtq/wrxCCmEjc2tZEPwl09ehXat6ntV/+aiUvfyOIqgDE7AGfDBJaiDBmiCFsDgATyBF/DqPDrPzpvzvmgtOPnMMfgj5+MbCRGWVQ==</latexit><latexit sha1_base64="zmAjhD2CzxUYY31fflkRERTNPu8=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiCEKZKYIuC266rGAv0ClDJs20oZkkJBmxDF248VXcuFDErQ/hzrcxbUfQ1h8CH/85h5PzR5JRbTzvyymsrW9sbhW3Szu7e/sH7uFRW4tUYdLCggnVjZAmjHLSMtQw0pWKoCRipBONr2f1zh1Rmgp+ayaS9BM05DSmGBlrhW45QFIqcQ8DJoawEfrw/AdroVvxqt5ccBX8HCogVzN0P4OBwGlCuMEMad3zPWn6GVKGYkampSDVRCI8RkPSs8hRQnQ/mx8xhafWGcBYKPu4gXP390SGEq0nSWQ7E2RGerk2M/+r9VITX/UzymVqCMeLRXHKoBFwlggcUEWwYRMLCCtq/wrxCCmEjc2tZEPwl09ehXat6ntV/+aiUvfyOIqgDE7AGfDBJaiDBmiCFsDgATyBF/DqPDrPzpvzvmgtOPnMMfgj5+MbCRGWVQ==</latexit><latexit sha1_base64="zmAjhD2CzxUYY31fflkRERTNPu8=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiCEKZKYIuC266rGAv0ClDJs20oZkkJBmxDF248VXcuFDErQ/hzrcxbUfQ1h8CH/85h5PzR5JRbTzvyymsrW9sbhW3Szu7e/sH7uFRW4tUYdLCggnVjZAmjHLSMtQw0pWKoCRipBONr2f1zh1Rmgp+ayaS9BM05DSmGBlrhW45QFIqcQ8DJoawEfrw/AdroVvxqt5ccBX8HCogVzN0P4OBwGlCuMEMad3zPWn6GVKGYkampSDVRCI8RkPSs8hRQnQ/mx8xhafWGcBYKPu4gXP390SGEq0nSWQ7E2RGerk2M/+r9VITX/UzymVqCMeLRXHKoBFwlggcUEWwYRMLCCtq/wrxCCmEjc2tZEPwl09ehXat6ntV/+aiUvfyOIqgDE7AGfDBJaiDBmiCFsDgATyBF/DqPDrPzpvzvmgtOPnMMfgj5+MbCRGWVQ==</latexit><latexit sha1_base64="zmAjhD2CzxUYY31fflkRERTNPu8=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiCEKZKYIuC266rGAv0ClDJs20oZkkJBmxDF248VXcuFDErQ/hzrcxbUfQ1h8CH/85h5PzR5JRbTzvyymsrW9sbhW3Szu7e/sH7uFRW4tUYdLCggnVjZAmjHLSMtQw0pWKoCRipBONr2f1zh1Rmgp+ayaS9BM05DSmGBlrhW45QFIqcQ8DJoawEfrw/AdroVvxqt5ccBX8HCogVzN0P4OBwGlCuMEMad3zPWn6GVKGYkampSDVRCI8RkPSs8hRQnQ/mx8xhafWGcBYKPu4gXP390SGEq0nSWQ7E2RGerk2M/+r9VITX/UzymVqCMeLRXHKoBFwlggcUEWwYRMLCCtq/wrxCCmEjc2tZEPwl09ehXat6ntV/+aiUvfyOIqgDE7AGfDBJaiDBmiCFsDgATyBF/DqPDrPzpvzvmgtOPnMMfgj5+MbCRGWVQ==</latexit>

homographies

(Lie group)
<latexit sha1_base64="DqsXJ5bpbzAvbM3RNsnB2MfB9Yw=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMSLcKdCFoGbCwsIhgN5ELY20wuS/Zuj905MRz5Dzb+FRsLRWxt7Pw3bpIr/How8Hhvhpl5QSKFQdf9dApz8wuLS8Xl0srq2vpGeXPr2qhUc2hyJZVuBcyAFDE0UaCEVqKBRYGEm2B4NvFvbkEboeIrHCXQiVgYi77gDK3ULR/u+wh3mA1UpELNkoEAM/b9Ui5XLwTQUKs0ORh3yxW35k5B/xIvJxWSo9Etf/g9xdMIYuSSGdP23AQ7GdMouIRxyU8NJIwPWQhtS2MWgelk05/GdM8qPdpX2laMdKp+n8hYZMwoCmxnxHBgfnsT8T+vnWL/tJOJOEkRYj5b1E8lRUUnAdGe0MBRjixhXAt7K+UDphlHG2PJhuD9fvkvuT6qeW7Nuzyu1N08jiLZIbukSjxyQurknDRIk3ByTx7JM3lxHpwn59V5m7UWnHxmm/yA8/4FIhCeOw==</latexit><latexit sha1_base64="DqsXJ5bpbzAvbM3RNsnB2MfB9Yw=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMSLcKdCFoGbCwsIhgN5ELY20wuS/Zuj905MRz5Dzb+FRsLRWxt7Pw3bpIr/How8Hhvhpl5QSKFQdf9dApz8wuLS8Xl0srq2vpGeXPr2qhUc2hyJZVuBcyAFDE0UaCEVqKBRYGEm2B4NvFvbkEboeIrHCXQiVgYi77gDK3ULR/u+wh3mA1UpELNkoEAM/b9Ui5XLwTQUKs0ORh3yxW35k5B/xIvJxWSo9Etf/g9xdMIYuSSGdP23AQ7GdMouIRxyU8NJIwPWQhtS2MWgelk05/GdM8qPdpX2laMdKp+n8hYZMwoCmxnxHBgfnsT8T+vnWL/tJOJOEkRYj5b1E8lRUUnAdGe0MBRjixhXAt7K+UDphlHG2PJhuD9fvkvuT6qeW7Nuzyu1N08jiLZIbukSjxyQurknDRIk3ByTx7JM3lxHpwn59V5m7UWnHxmm/yA8/4FIhCeOw==</latexit><latexit sha1_base64="DqsXJ5bpbzAvbM3RNsnB2MfB9Yw=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMSLcKdCFoGbCwsIhgN5ELY20wuS/Zuj905MRz5Dzb+FRsLRWxt7Pw3bpIr/How8Hhvhpl5QSKFQdf9dApz8wuLS8Xl0srq2vpGeXPr2qhUc2hyJZVuBcyAFDE0UaCEVqKBRYGEm2B4NvFvbkEboeIrHCXQiVgYi77gDK3ULR/u+wh3mA1UpELNkoEAM/b9Ui5XLwTQUKs0ORh3yxW35k5B/xIvJxWSo9Etf/g9xdMIYuSSGdP23AQ7GdMouIRxyU8NJIwPWQhtS2MWgelk05/GdM8qPdpX2laMdKp+n8hYZMwoCmxnxHBgfnsT8T+vnWL/tJOJOEkRYj5b1E8lRUUnAdGe0MBRjixhXAt7K+UDphlHG2PJhuD9fvkvuT6qeW7Nuzyu1N08jiLZIbukSjxyQurknDRIk3ByTx7JM3lxHpwn59V5m7UWnHxmm/yA8/4FIhCeOw==</latexit><latexit sha1_base64="DqsXJ5bpbzAvbM3RNsnB2MfB9Yw=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMSLcKdCFoGbCwsIhgN5ELY20wuS/Zuj905MRz5Dzb+FRsLRWxt7Pw3bpIr/How8Hhvhpl5QSKFQdf9dApz8wuLS8Xl0srq2vpGeXPr2qhUc2hyJZVuBcyAFDE0UaCEVqKBRYGEm2B4NvFvbkEboeIrHCXQiVgYi77gDK3ULR/u+wh3mA1UpELNkoEAM/b9Ui5XLwTQUKs0ORh3yxW35k5B/xIvJxWSo9Etf/g9xdMIYuSSGdP23AQ7GdMouIRxyU8NJIwPWQhtS2MWgelk05/GdM8qPdpX2laMdKp+n8hYZMwoCmxnxHBgfnsT8T+vnWL/tJOJOEkRYj5b1E8lRUUnAdGe0MBRjixhXAt7K+UDphlHG2PJhuD9fvkvuT6qeW7Nuzyu1N08jiLZIbukSjxyQurknDRIk3ByTx7JM3lxHpwn59V5m7UWnHxmm/yA8/4FIhCeOw==</latexit>

log homographies

(Lie algebra)
<latexit sha1_base64="zDmgwuyh5MQ0aSgihD5TJdXbv/Q=">AAACGXicbVA9SwNBEN3z2/gVtbRZDIo24U4ELQM2FhYKRoVcCHObyWVx7/bYnRPDkb9h41+xsVDEUiv/jZt4hV8PBh7vzTAzL8qUtOT7H97E5NT0zOzcfGVhcWl5pbq6dmF1bgQ2hVbaXEVgUckUmyRJ4VVmEJJI4WV0fTTyL2/QWKnTcxpk2E4gTmVPCiAndar+dkh4S4XSMe/rRMcGsr5EOwzDSmntnEjkoGKMDOwOO9WaX/fH4H9JUJIaK3Haqb6FXS3yBFMSCqxtBX5G7QIMSaFwWAlzixmIa4ix5WgKCdp2Mf5syLec0uU9bVylxMfq94kCEmsHSeQ6E6C+/e2NxP+8Vk69w3Yh0ywnTMXXol6uOGk+iol3pUFBauAICCPdrVz0wYAgF2bFhRD8fvkvudirB349ONuvNfwyjjm2wTbZDgvYAWuwY3bKmkywO/bAntizd+89ei/e61frhFfOrLMf8N4/AW9loHo=</latexit><latexit sha1_base64="zDmgwuyh5MQ0aSgihD5TJdXbv/Q=">AAACGXicbVA9SwNBEN3z2/gVtbRZDIo24U4ELQM2FhYKRoVcCHObyWVx7/bYnRPDkb9h41+xsVDEUiv/jZt4hV8PBh7vzTAzL8qUtOT7H97E5NT0zOzcfGVhcWl5pbq6dmF1bgQ2hVbaXEVgUckUmyRJ4VVmEJJI4WV0fTTyL2/QWKnTcxpk2E4gTmVPCiAndar+dkh4S4XSMe/rRMcGsr5EOwzDSmntnEjkoGKMDOwOO9WaX/fH4H9JUJIaK3Haqb6FXS3yBFMSCqxtBX5G7QIMSaFwWAlzixmIa4ix5WgKCdp2Mf5syLec0uU9bVylxMfq94kCEmsHSeQ6E6C+/e2NxP+8Vk69w3Yh0ywnTMXXol6uOGk+iol3pUFBauAICCPdrVz0wYAgF2bFhRD8fvkvudirB349ONuvNfwyjjm2wTbZDgvYAWuwY3bKmkywO/bAntizd+89ei/e61frhFfOrLMf8N4/AW9loHo=</latexit><latexit sha1_base64="zDmgwuyh5MQ0aSgihD5TJdXbv/Q=">AAACGXicbVA9SwNBEN3z2/gVtbRZDIo24U4ELQM2FhYKRoVcCHObyWVx7/bYnRPDkb9h41+xsVDEUiv/jZt4hV8PBh7vzTAzL8qUtOT7H97E5NT0zOzcfGVhcWl5pbq6dmF1bgQ2hVbaXEVgUckUmyRJ4VVmEJJI4WV0fTTyL2/QWKnTcxpk2E4gTmVPCiAndar+dkh4S4XSMe/rRMcGsr5EOwzDSmntnEjkoGKMDOwOO9WaX/fH4H9JUJIaK3Haqb6FXS3yBFMSCqxtBX5G7QIMSaFwWAlzixmIa4ix5WgKCdp2Mf5syLec0uU9bVylxMfq94kCEmsHSeQ6E6C+/e2NxP+8Vk69w3Yh0ywnTMXXol6uOGk+iol3pUFBauAICCPdrVz0wYAgF2bFhRD8fvkvudirB349ONuvNfwyjjm2wTbZDgvYAWuwY3bKmkywO/bAntizd+89ei/e61frhFfOrLMf8N4/AW9loHo=</latexit><latexit sha1_base64="zDmgwuyh5MQ0aSgihD5TJdXbv/Q=">AAACGXicbVA9SwNBEN3z2/gVtbRZDIo24U4ELQM2FhYKRoVcCHObyWVx7/bYnRPDkb9h41+xsVDEUiv/jZt4hV8PBh7vzTAzL8qUtOT7H97E5NT0zOzcfGVhcWl5pbq6dmF1bgQ2hVbaXEVgUckUmyRJ4VVmEJJI4WV0fTTyL2/QWKnTcxpk2E4gTmVPCiAndar+dkh4S4XSMe/rRMcGsr5EOwzDSmntnEjkoGKMDOwOO9WaX/fH4H9JUJIaK3Haqb6FXS3yBFMSCqxtBX5G7QIMSaFwWAlzixmIa4ix5WgKCdp2Mf5syLec0uU9bVylxMfq94kCEmsHSeQ6E6C+/e2NxP+8Vk69w3Yh0ywnTMXXol6uOGk+iol3pUFBauAICCPdrVz0wYAgF2bFhRD8fvkvudirB349ONuvNfwyjjm2wTbZDgvYAWuwY3bKmkywO/bAntizd+89ei/e61frhFfOrLMf8N4/AW9loHo=</latexit>log

<latexit sha1_base64="/BKgF8s+i7LlBtPyMHJupQ4O0ow=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21wacDUeVmt+3V8ArZOgIDUo0BpWvwYjRVJBpSUcG9MP/MSGGdaWEU7nlUFqaILJFI9p31GJBTVhtrh1ji6cMkKx0q6kRQv190SGhTEzEblOge3ErHq5+J/XT218G2ZMJqmlkiwXxSlHVqH8cTRimhLLZ45gopm7FZEJ1phYF0/FhRCsvrxOOo16cFVvPFzXmo0ijjKcwTlcQgA30IR7aEEbCEzgGV7hzRPei/fufSxbS14xcwp/4H3+ABGJjjQ=</latexit>

exp
<latexit sha1_base64="T03SEQ/VhocYqXhFk9FV7y+PHio=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGC/YA2lM120i7d3YTdjVhC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYsGNdd1vZ219Y3Nru7RT3t3bPzisHB23TZRohi0WiUh3A2pQcIUty63AbqyRykBgJ5jc5n7nEbXhkXqw0xh9SUeKh5xRm0t9fIoHlapbc+cgq8QrSBUKNAeVr/4wYolEZZmgxvQ8N7Z+SrXlTOCs3E8MxpRN6Ah7GVVUovHT+a0zcp4pQxJGOitlyVz9PZFSacxUBlmnpHZslr1c/M/rJTa88VOu4sSiYotFYSKIjUj+OBlyjcyKaUYo0zy7lbAx1ZTZLJ5yFoK3/PIqaddr3mWtfn9VbdSLOEpwCmdwAR5cQwPuoAktYDCGZ3iFN0c6L86787FoXXOKmRP4A+fzByIwjj8=</latexit>

Figure 4: The space of homographies is a Lie group, and its

tangent space at the identity forms a Lie algebra (a vector

space). The matrix exponential maps from the Lie algebra

to the Lie group; its inverse is the matrix logarithm. We

will formulate the L1 stabilization problem in terms of log-

homographies (elements of the Lie algebra).

logarithm on real numbers: log(xy) = log(x) + log(y),
log(x−1) = − log(x). Lie theory allows us to formalize

this notion. We will briefly outline the key points relevant

to our application here; for more detail see for example [14].

The group of homographies is isomorphic to SL(3,R), the

group of real invertible square matrices with determinant 1,

since homography matrices differing only by a scale fac-

tor are equivalent and we can normalize to determinant 1.

SL(n,R) is a Lie group, which is both a group and a man-

ifold. As a manifold, SL(n,R) is a complex surface where

addition is undefined (think of the surface of a sphere), but

by working in the tangent space we can recover the notion

of addition. In general, the tangent space at the identity

of a Lie group forms a Lie algebra (see figure 4), which

unlike the group itself is a vector space: in particular, we

have addition and scalar multiplication. The Lie algebra

of SL(n,R), denoted sl(3,ℜ), consists of 3 × 3 matrices

with zero trace; the identity of SL(n,R) is the usual iden-

tity matrix I and the identity of sl(3,ℜ) is the zero matrix.

The exponential map from the Lie algebra to the manifold

is given by the matrix exponential exp(X) =
∑

∞

k=0
Xk

k! .

(This exponential is related to but different from the Rie-

mannian exponential used for example in [25] for geodesic

interpolation between key frames.) In a neighborhood of

the identity, the exponential map has an inverse: the matrix

logarithm. That is, for a homography H:

H = exp(h) ∈ SL(3,R), h = log(H) ∈ sl(3,ℜ). (2)

There are a variety of methods for computing exp and

log available in many scientific computing libraries. Our

implementation perturbs the matrix until it is diagonaliz-

able and exploits the fact that if exp(A) = UeDU−1 with

D = diag(d) then eD = diag(ed). Other implementations

use the Pade approximation to the infinite series. Two im-

portant properties for our application are that, to first-order

in a neighborhood of the identity, we have:

log(H−1) ≈ −h;

log(H) ≈ log(H1) + log(H2). (3)

Both properties follow from the fact that group multiplica-

tion in a Lie group is reflected to first order in the vector

space structure of its Lie algebra [14]. Neither can hold

exactly since homographies do not commute in general, so

these are approximations, but nevertheless useful. The lin-

earity of log-homographies enables us to formulate L1 sta-

bilization as a convex problem, which would be difficult or

impossible with homographies.

2.2. L1 stabilization with log­homographies

Now that we have the log-homography transformation

tools, we show how to formulate the stabilization problem.

With the notation of equation 1, let ft = logFt denote

the input log-homographies. The problem variables are the

correction log-homographies pt = logPt ∈ R
9, which

we stack into a column vector p ∈ R9n where n is the

number of frames. We also introduce auxiliary variables

e1 ∈ R
9(n−1), e2 ∈ R

9(n−2), e3 ∈ R
9(n−3) representing

the first, second, and third derivatives of the smoothed path.

The constants w0, w1, w2, w3 are fixed weights.

We define the optimization problem:

min
p∈R9n

1

2
w0‖p‖

2
2 + w1‖e

1‖1 + w2‖e
2‖1 + w3‖e

3‖1

s.t.: lb ≤ pt ≤ ub, ∀t

trace(pt) = 0, ∀t

linear crop constraints on pt, ∀t

where p = (p1, . . . , pn)
T , pt ∈ R

9

e1(t) = pt+1 + ft+1 − pt

e2(t) = pt+2 + ft+2 − 2pt+1 − ft+1 + pt

e3(t) = pt+3 + ft+3 − 3pt+2

− 2ft+2 + 3pt+1 + ft+1 − pt (4)

The objective term 1
2w0‖p‖

2
2 is intended to keep the cor-

rection log-homographies close to the identity, the goal be-

ing a stabilized path that is fairly faithful to the input path

(see subsection 2.4). The objective term w1‖e
1‖1, along

with the corresponding constraint defining e1, is intended to

promote sparsity of the first derivative of the smoothed path

via the ℓ1-norm sparsity heuristic. e1 is the first derivative

of the stabilized log-path, s̃t = f̃t + pt, so, using forward-

differences:

e1(t) = s̃t+1 − s̃t = f̃t+1 + pt+1 − f̃t − pt

= pt+1 + ft+1 − pt (since f̃t+1 − f̃t = ft+1).
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frame 0
<latexit sha1_base64="aXD48PD1ktYhEgPoTvVXjWv88/A=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hVkR9Bjw4jGCeUASw+xkNhkyO7vM9KphyX948aCIV//Fm3/jJNmDJhY0FFXddHcFiZIWKf32VlbX1jc2C1vF7Z3dvf3SwWHDxqnhos5jFZtWwKxQUos6SlSilRjBokCJZjC6nvrNB2GsjPUdjhPRjdhAy1Byhk6676B4wiw0LBKETnqlMq3QGcgy8XNShhy1Xumr0495GgmNXDFr2z5NsJsxg5IrMSl2UisSxkdsINqOarfGdrPZ1RNy6pQ+CWPjSiOZqb8nMhZZO44C1xkxHNpFbyr+57VTDK+6mdRJikLz+aIwVQRjMo2A9KURHNXYEcaNdLcSPmSGcXRBFV0I/uLLy6RxXvFpxb+9KFdpHkcBjuEEzsCHS6jCDdSgDhwMPMMrvHmP3ov37n3MW1e8fOYI/sD7/AF1QpJo</latexit><latexit sha1_base64="aXD48PD1ktYhEgPoTvVXjWv88/A=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hVkR9Bjw4jGCeUASw+xkNhkyO7vM9KphyX948aCIV//Fm3/jJNmDJhY0FFXddHcFiZIWKf32VlbX1jc2C1vF7Z3dvf3SwWHDxqnhos5jFZtWwKxQUos6SlSilRjBokCJZjC6nvrNB2GsjPUdjhPRjdhAy1Byhk6676B4wiw0LBKETnqlMq3QGcgy8XNShhy1Xumr0495GgmNXDFr2z5NsJsxg5IrMSl2UisSxkdsINqOarfGdrPZ1RNy6pQ+CWPjSiOZqb8nMhZZO44C1xkxHNpFbyr+57VTDK+6mdRJikLz+aIwVQRjMo2A9KURHNXYEcaNdLcSPmSGcXRBFV0I/uLLy6RxXvFpxb+9KFdpHkcBjuEEzsCHS6jCDdSgDhwMPMMrvHmP3ov37n3MW1e8fOYI/sD7/AF1QpJo</latexit><latexit sha1_base64="aXD48PD1ktYhEgPoTvVXjWv88/A=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hVkR9Bjw4jGCeUASw+xkNhkyO7vM9KphyX948aCIV//Fm3/jJNmDJhY0FFXddHcFiZIWKf32VlbX1jc2C1vF7Z3dvf3SwWHDxqnhos5jFZtWwKxQUos6SlSilRjBokCJZjC6nvrNB2GsjPUdjhPRjdhAy1Byhk6676B4wiw0LBKETnqlMq3QGcgy8XNShhy1Xumr0495GgmNXDFr2z5NsJsxg5IrMSl2UisSxkdsINqOarfGdrPZ1RNy6pQ+CWPjSiOZqb8nMhZZO44C1xkxHNpFbyr+57VTDK+6mdRJikLz+aIwVQRjMo2A9KURHNXYEcaNdLcSPmSGcXRBFV0I/uLLy6RxXvFpxb+9KFdpHkcBjuEEzsCHS6jCDdSgDhwMPMMrvHmP3ov37n3MW1e8fOYI/sD7/AF1QpJo</latexit><latexit sha1_base64="aXD48PD1ktYhEgPoTvVXjWv88/A=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hVkR9Bjw4jGCeUASw+xkNhkyO7vM9KphyX948aCIV//Fm3/jJNmDJhY0FFXddHcFiZIWKf32VlbX1jc2C1vF7Z3dvf3SwWHDxqnhos5jFZtWwKxQUos6SlSilRjBokCJZjC6nvrNB2GsjPUdjhPRjdhAy1Byhk6676B4wiw0LBKETnqlMq3QGcgy8XNShhy1Xumr0495GgmNXDFr2z5NsJsxg5IrMSl2UisSxkdsINqOarfGdrPZ1RNy6pQ+CWPjSiOZqb8nMhZZO44C1xkxHNpFbyr+57VTDK+6mdRJikLz+aIwVQRjMo2A9KURHNXYEcaNdLcSPmSGcXRBFV0I/uLLy6RxXvFpxb+9KFdpHkcBjuEEzsCHS6jCDdSgDhwMPMMrvHmP3ov37n3MW1e8fOYI/sD7/AF1QpJo</latexit>

frame 1
<latexit sha1_base64="RgKXfzB7KeiufJ0Ujev4fVrn2oM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bjw4jGCeUASw+ykNxky+2CmVw1L/sOLB0W8+i/e/BsnyR40saChqOqmu8tPlDTkut/Oyura+sZmYau4vbO7t186OGyYONUC6yJWsW753KCSEdZJksJWopGHvsKmP7qe+s0H1EbG0R2NE+yGfBDJQApOVrrvED5RFmgeIvMmvVLZrbgzsGXi5aQMOWq90lenH4s0xIiE4sa0PTehbsY1SaFwUuykBhMuRnyAbUsju8Z0s9nVE3ZqlT4LYm0rIjZTf09kPDRmHPq2M+Q0NIveVPzPa6cUXHUzGSUpYSTmi4JUMYrZNALWlxoFqbElXGhpb2ViyDUXZIMq2hC8xZeXSeO84rkV7/aiXHXzOApwDCdwBh5cQhVuoAZ1EKDhGV7hzXl0Xpx352PeuuLkM0fwB87nD3bHkmk=</latexit><latexit sha1_base64="RgKXfzB7KeiufJ0Ujev4fVrn2oM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bjw4jGCeUASw+ykNxky+2CmVw1L/sOLB0W8+i/e/BsnyR40saChqOqmu8tPlDTkut/Oyura+sZmYau4vbO7t186OGyYONUC6yJWsW753KCSEdZJksJWopGHvsKmP7qe+s0H1EbG0R2NE+yGfBDJQApOVrrvED5RFmgeIvMmvVLZrbgzsGXi5aQMOWq90lenH4s0xIiE4sa0PTehbsY1SaFwUuykBhMuRnyAbUsju8Z0s9nVE3ZqlT4LYm0rIjZTf09kPDRmHPq2M+Q0NIveVPzPa6cUXHUzGSUpYSTmi4JUMYrZNALWlxoFqbElXGhpb2ViyDUXZIMq2hC8xZeXSeO84rkV7/aiXHXzOApwDCdwBh5cQhVuoAZ1EKDhGV7hzXl0Xpx352PeuuLkM0fwB87nD3bHkmk=</latexit><latexit sha1_base64="RgKXfzB7KeiufJ0Ujev4fVrn2oM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bjw4jGCeUASw+ykNxky+2CmVw1L/sOLB0W8+i/e/BsnyR40saChqOqmu8tPlDTkut/Oyura+sZmYau4vbO7t186OGyYONUC6yJWsW753KCSEdZJksJWopGHvsKmP7qe+s0H1EbG0R2NE+yGfBDJQApOVrrvED5RFmgeIvMmvVLZrbgzsGXi5aQMOWq90lenH4s0xIiE4sa0PTehbsY1SaFwUuykBhMuRnyAbUsju8Z0s9nVE3ZqlT4LYm0rIjZTf09kPDRmHPq2M+Q0NIveVPzPa6cUXHUzGSUpYSTmi4JUMYrZNALWlxoFqbElXGhpb2ViyDUXZIMq2hC8xZeXSeO84rkV7/aiXHXzOApwDCdwBh5cQhVuoAZ1EKDhGV7hzXl0Xpx352PeuuLkM0fwB87nD3bHkmk=</latexit><latexit sha1_base64="RgKXfzB7KeiufJ0Ujev4fVrn2oM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bjw4jGCeUASw+ykNxky+2CmVw1L/sOLB0W8+i/e/BsnyR40saChqOqmu8tPlDTkut/Oyura+sZmYau4vbO7t186OGyYONUC6yJWsW753KCSEdZJksJWopGHvsKmP7qe+s0H1EbG0R2NE+yGfBDJQApOVrrvED5RFmgeIvMmvVLZrbgzsGXi5aQMOWq90lenH4s0xIiE4sa0PTehbsY1SaFwUuykBhMuRnyAbUsju8Z0s9nVE3ZqlT4LYm0rIjZTf09kPDRmHPq2M+Q0NIveVPzPa6cUXHUzGSUpYSTmi4JUMYrZNALWlxoFqbElXGhpb2ViyDUXZIMq2hC8xZeXSeO84rkV7/aiXHXzOApwDCdwBh5cQhVuoAZ1EKDhGV7hzXl0Xpx352PeuuLkM0fwB87nD3bHkmk=</latexit>

frame 2
<latexit sha1_base64="fSyPHNuM2viRT+/5e0wgZXJjLgE=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0sWy2k3bpZhN2J2oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxhfz/z2A2gjYnWHkwT8iA2VCAVnaKX7HsITZqFmEdDatF+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVU2TXGz+ZXT+mZVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6i4AOhAaOcmIJ41rYWykfMc042qBKNgRv+eVV0qpVPbfq3V5U6m4eR5GckFNyTjxySerkhjRIk3CiyTN5JW/Oo/PivDsfi9aCk88ckz9wPn8AeEySag==</latexit><latexit sha1_base64="fSyPHNuM2viRT+/5e0wgZXJjLgE=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0sWy2k3bpZhN2J2oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxhfz/z2A2gjYnWHkwT8iA2VCAVnaKX7HsITZqFmEdDatF+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVU2TXGz+ZXT+mZVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6i4AOhAaOcmIJ41rYWykfMc042qBKNgRv+eVV0qpVPbfq3V5U6m4eR5GckFNyTjxySerkhjRIk3CiyTN5JW/Oo/PivDsfi9aCk88ckz9wPn8AeEySag==</latexit><latexit sha1_base64="fSyPHNuM2viRT+/5e0wgZXJjLgE=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0sWy2k3bpZhN2J2oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxhfz/z2A2gjYnWHkwT8iA2VCAVnaKX7HsITZqFmEdDatF+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVU2TXGz+ZXT+mZVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6i4AOhAaOcmIJ41rYWykfMc042qBKNgRv+eVV0qpVPbfq3V5U6m4eR5GckFNyTjxySerkhjRIk3CiyTN5JW/Oo/PivDsfi9aCk88ckz9wPn8AeEySag==</latexit><latexit sha1_base64="fSyPHNuM2viRT+/5e0wgZXJjLgE=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF48V7Ae0sWy2k3bpZhN2J2oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxhfz/z2A2gjYnWHkwT8iA2VCAVnaKX7HsITZqFmEdDatF+uuFV3DrpKvJxUSI5Gv/zVG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVU2TXGz+ZXT+mZVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6i4AOhAaOcmIJ41rYWykfMc042qBKNgRv+eVV0qpVPbfq3V5U6m4eR5GckFNyTjxySerkhjRIk3CiyTN5JW/Oo/PivDsfi9aCk88ckz9wPn8AeEySag==</latexit>

frame 3
<latexit sha1_base64="ETqJlI4bNtiKD2LcAwLzaZT/TT0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8cK9gPaWDbbTbt0swm7E7WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuDaiFjd4TjhfkQHSoSCUbTSfRf5E2ahphEn55NeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7liq7xvjZ7OoJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEwjIH2hOUM5toQyLeythA2ppgxtUCUbgrf48jJpnlU9t+rdXlRqbh5HEY7gGE7Bg0uowQ3UoQEMNDzDK7w5j86L8+58zFsLTj5zCH/gfP4AedGSaw==</latexit><latexit sha1_base64="ETqJlI4bNtiKD2LcAwLzaZT/TT0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8cK9gPaWDbbTbt0swm7E7WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuDaiFjd4TjhfkQHSoSCUbTSfRf5E2ahphEn55NeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7liq7xvjZ7OoJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEwjIH2hOUM5toQyLeythA2ppgxtUCUbgrf48jJpnlU9t+rdXlRqbh5HEY7gGE7Bg0uowQ3UoQEMNDzDK7w5j86L8+58zFsLTj5zCH/gfP4AedGSaw==</latexit><latexit sha1_base64="ETqJlI4bNtiKD2LcAwLzaZT/TT0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8cK9gPaWDbbTbt0swm7E7WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuDaiFjd4TjhfkQHSoSCUbTSfRf5E2ahphEn55NeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7liq7xvjZ7OoJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEwjIH2hOUM5toQyLeythA2ppgxtUCUbgrf48jJpnlU9t+rdXlRqbh5HEY7gGE7Bg0uowQ3UoQEMNDzDK7w5j86L8+58zFsLTj5zCH/gfP4AedGSaw==</latexit><latexit sha1_base64="ETqJlI4bNtiKD2LcAwLzaZT/TT0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8cK9gPaWDbbTbt0swm7E7WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuDaiFjd4TjhfkQHSoSCUbTSfRf5E2ahphEn55NeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7liq7xvjZ7OoJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEwjIH2hOUM5toQyLeythA2ppgxtUCUbgrf48jJpnlU9t+rdXlRqbh5HEY7gGE7Bg0uowQ3UoQEMNDzDK7w5j86L8+58zFsLTj5zCH/gfP4AedGSaw==</latexit>

stabilized

frame 3
<latexit sha1_base64="nS8mbu/idHk3XPgfs5RzeVg+BEc=">AAACDnicbVC7SgNBFJ31GeNr1dJmMESswq4KWgZsLCOYByQhzM7eTYbMPpi5K8YlX2Djr9hYKGJrbeffOEm20MQDA4dz7uXMPV4ihUbH+baWlldW19YLG8XNre2dXXtvv6HjVHGo81jGquUxDVJEUEeBElqJAhZ6Epre8GriN+9AaRFHtzhKoBuyfiQCwRkaqWeXjzsI95hpZJ6Q4gH8cbHTobkaKBYCPRv37JJTcaagi8TNSYnkqPXsr44f8zSECLlkWrddJ8FuxhQKLsFEpBoSxoesD21DIxOju9n0nDEtG8WnQazMi5BO1d8bGQu1HoWemQwZDvS8NxH/89opBpfdTERJihDxWVCQSooxnXRDfaGAoxwZwrgS5q+UD5hiHE2DRVOCO3/yImmcVlyn4t6cl6pOXkeBHJIjckJcckGq5JrUSJ1w8kieySt5s56sF+vd+piNLln5zgH5A+vzB/Com/Q=</latexit><latexit sha1_base64="nS8mbu/idHk3XPgfs5RzeVg+BEc=">AAACDnicbVC7SgNBFJ31GeNr1dJmMESswq4KWgZsLCOYByQhzM7eTYbMPpi5K8YlX2Djr9hYKGJrbeffOEm20MQDA4dz7uXMPV4ihUbH+baWlldW19YLG8XNre2dXXtvv6HjVHGo81jGquUxDVJEUEeBElqJAhZ6Epre8GriN+9AaRFHtzhKoBuyfiQCwRkaqWeXjzsI95hpZJ6Q4gH8cbHTobkaKBYCPRv37JJTcaagi8TNSYnkqPXsr44f8zSECLlkWrddJ8FuxhQKLsFEpBoSxoesD21DIxOju9n0nDEtG8WnQazMi5BO1d8bGQu1HoWemQwZDvS8NxH/89opBpfdTERJihDxWVCQSooxnXRDfaGAoxwZwrgS5q+UD5hiHE2DRVOCO3/yImmcVlyn4t6cl6pOXkeBHJIjckJcckGq5JrUSJ1w8kieySt5s56sF+vd+piNLln5zgH5A+vzB/Com/Q=</latexit><latexit sha1_base64="nS8mbu/idHk3XPgfs5RzeVg+BEc=">AAACDnicbVC7SgNBFJ31GeNr1dJmMESswq4KWgZsLCOYByQhzM7eTYbMPpi5K8YlX2Djr9hYKGJrbeffOEm20MQDA4dz7uXMPV4ihUbH+baWlldW19YLG8XNre2dXXtvv6HjVHGo81jGquUxDVJEUEeBElqJAhZ6Epre8GriN+9AaRFHtzhKoBuyfiQCwRkaqWeXjzsI95hpZJ6Q4gH8cbHTobkaKBYCPRv37JJTcaagi8TNSYnkqPXsr44f8zSECLlkWrddJ8FuxhQKLsFEpBoSxoesD21DIxOju9n0nDEtG8WnQazMi5BO1d8bGQu1HoWemQwZDvS8NxH/89opBpfdTERJihDxWVCQSooxnXRDfaGAoxwZwrgS5q+UD5hiHE2DRVOCO3/yImmcVlyn4t6cl6pOXkeBHJIjckJcckGq5JrUSJ1w8kieySt5s56sF+vd+piNLln5zgH5A+vzB/Com/Q=</latexit><latexit sha1_base64="nS8mbu/idHk3XPgfs5RzeVg+BEc=">AAACDnicbVC7SgNBFJ31GeNr1dJmMESswq4KWgZsLCOYByQhzM7eTYbMPpi5K8YlX2Djr9hYKGJrbeffOEm20MQDA4dz7uXMPV4ihUbH+baWlldW19YLG8XNre2dXXtvv6HjVHGo81jGquUxDVJEUEeBElqJAhZ6Epre8GriN+9AaRFHtzhKoBuyfiQCwRkaqWeXjzsI95hpZJ6Q4gH8cbHTobkaKBYCPRv37JJTcaagi8TNSYnkqPXsr44f8zSECLlkWrddJ8FuxhQKLsFEpBoSxoesD21DIxOju9n0nDEtG8WnQazMi5BO1d8bGQu1HoWemQwZDvS8NxH/89opBpfdTERJihDxWVCQSooxnXRDfaGAoxwZwrgS5q+UD5hiHE2DRVOCO3/yImmcVlyn4t6cl6pOXkeBHJIjckJcckGq5JrUSJ1w8kieySt5s56sF+vd+piNLln5zgH5A+vzB/Com/Q=</latexit>

stabilized

frame 2
<latexit sha1_base64="NIu6dVcbG03DCJJrwVPWH1wm32g=">AAACDnicbVC7SgNBFJ31GeNr1dJmMESswm4QtAzYWEYwD0hCmJ29mwyZfTBzV4xLvsDGX7GxUMTW2s6/cZJsoYkHBg7n3MuZe7xECo2O822trK6tb2wWtorbO7t7+/bBYVPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS80dXUb92B0iKObnGcQC9kg0gEgjM0Ut8un3YR7jHTyDwhxQP4k2K3S3M1UCwEWp307ZJTcWagy8TNSYnkqPftr64f8zSECLlkWndcJ8FexhQKLsFEpBoSxkdsAB1DIxOje9nsnAktG8WnQazMi5DO1N8bGQu1HoeemQwZDvWiNxX/8zopBpe9TERJihDxeVCQSooxnXZDfaGAoxwbwrgS5q+UD5liHE2DRVOCu3jyMmlWK65TcW/OSzUnr6NAjskJOSMuuSA1ck3qpEE4eSTP5JW8WU/Wi/VufcxHV6x854j8gfX5A+8jm/M=</latexit><latexit sha1_base64="NIu6dVcbG03DCJJrwVPWH1wm32g=">AAACDnicbVC7SgNBFJ31GeNr1dJmMESswm4QtAzYWEYwD0hCmJ29mwyZfTBzV4xLvsDGX7GxUMTW2s6/cZJsoYkHBg7n3MuZe7xECo2O822trK6tb2wWtorbO7t7+/bBYVPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS80dXUb92B0iKObnGcQC9kg0gEgjM0Ut8un3YR7jHTyDwhxQP4k2K3S3M1UCwEWp307ZJTcWagy8TNSYnkqPftr64f8zSECLlkWndcJ8FexhQKLsFEpBoSxkdsAB1DIxOje9nsnAktG8WnQazMi5DO1N8bGQu1HoeemQwZDvWiNxX/8zopBpe9TERJihDxeVCQSooxnXZDfaGAoxwbwrgS5q+UD5liHE2DRVOCu3jyMmlWK65TcW/OSzUnr6NAjskJOSMuuSA1ck3qpEE4eSTP5JW8WU/Wi/VufcxHV6x854j8gfX5A+8jm/M=</latexit><latexit sha1_base64="NIu6dVcbG03DCJJrwVPWH1wm32g=">AAACDnicbVC7SgNBFJ31GeNr1dJmMESswm4QtAzYWEYwD0hCmJ29mwyZfTBzV4xLvsDGX7GxUMTW2s6/cZJsoYkHBg7n3MuZe7xECo2O822trK6tb2wWtorbO7t7+/bBYVPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS80dXUb92B0iKObnGcQC9kg0gEgjM0Ut8un3YR7jHTyDwhxQP4k2K3S3M1UCwEWp307ZJTcWagy8TNSYnkqPftr64f8zSECLlkWndcJ8FexhQKLsFEpBoSxkdsAB1DIxOje9nsnAktG8WnQazMi5DO1N8bGQu1HoeemQwZDvWiNxX/8zopBpe9TERJihDxeVCQSooxnXZDfaGAoxwbwrgS5q+UD5liHE2DRVOCu3jyMmlWK65TcW/OSzUnr6NAjskJOSMuuSA1ck3qpEE4eSTP5JW8WU/Wi/VufcxHV6x854j8gfX5A+8jm/M=</latexit><latexit sha1_base64="NIu6dVcbG03DCJJrwVPWH1wm32g=">AAACDnicbVC7SgNBFJ31GeNr1dJmMESswm4QtAzYWEYwD0hCmJ29mwyZfTBzV4xLvsDGX7GxUMTW2s6/cZJsoYkHBg7n3MuZe7xECo2O822trK6tb2wWtorbO7t7+/bBYVPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS80dXUb92B0iKObnGcQC9kg0gEgjM0Ut8un3YR7jHTyDwhxQP4k2K3S3M1UCwEWp307ZJTcWagy8TNSYnkqPftr64f8zSECLlkWndcJ8FexhQKLsFEpBoSxkdsAB1DIxOje9nsnAktG8WnQazMi5DO1N8bGQu1HoeemQwZDvWiNxX/8zopBpe9TERJihDxeVCQSooxnXZDfaGAoxwbwrgS5q+UD5liHE2DRVOCu3jyMmlWK65TcW/OSzUnr6NAjskJOSMuuSA1ck3qpEE4eSTP5JW8WU/Wi/VufcxHV6x854j8gfX5A+8jm/M=</latexit>

stabilized

frame 1
<latexit sha1_base64="o0G5XEYy7qoY3g9ZfJ//LVn7xGY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCxCrsiaBmwsYxgHpBdwuzkbjJk9sHMXTEu+QIbf8XGQhFbazv/xkmyhSYeGDiccy9n7vETKTTa9rdVWFldW98obpa2tnd298r7By0dp4pDk8cyVh2faZAigiYKlNBJFLDQl9D2R1dTv30HSos4usVxAl7IBpEIBGdopF65euIi3GOmkflCigfoT0quS3M1UCwE6kx65Ypds2egy8TJSYXkaPTKX24/5mkIEXLJtO46doJexhQKLsFEpBoSxkdsAF1DIxOjvWx2zoRWjdKnQazMi5DO1N8bGQu1Hoe+mQwZDvWiNxX/87opBpdeJqIkRYj4PChIJcWYTruhfaGAoxwbwrgS5q+UD5liHE2DJVOCs3jyMmmd1Ry75tycV+p2XkeRHJFjckocckHq5Jo0SJNw8kieySt5s56sF+vd+piPFqx855D8gfX5A+2em/I=</latexit><latexit sha1_base64="o0G5XEYy7qoY3g9ZfJ//LVn7xGY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCxCrsiaBmwsYxgHpBdwuzkbjJk9sHMXTEu+QIbf8XGQhFbazv/xkmyhSYeGDiccy9n7vETKTTa9rdVWFldW98obpa2tnd298r7By0dp4pDk8cyVh2faZAigiYKlNBJFLDQl9D2R1dTv30HSos4usVxAl7IBpEIBGdopF65euIi3GOmkflCigfoT0quS3M1UCwE6kx65Ypds2egy8TJSYXkaPTKX24/5mkIEXLJtO46doJexhQKLsFEpBoSxkdsAF1DIxOjvWx2zoRWjdKnQazMi5DO1N8bGQu1Hoe+mQwZDvWiNxX/87opBpdeJqIkRYj4PChIJcWYTruhfaGAoxwbwrgS5q+UD5liHE2DJVOCs3jyMmmd1Ry75tycV+p2XkeRHJFjckocckHq5Jo0SJNw8kieySt5s56sF+vd+piPFqx855D8gfX5A+2em/I=</latexit><latexit sha1_base64="o0G5XEYy7qoY3g9ZfJ//LVn7xGY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCxCrsiaBmwsYxgHpBdwuzkbjJk9sHMXTEu+QIbf8XGQhFbazv/xkmyhSYeGDiccy9n7vETKTTa9rdVWFldW98obpa2tnd298r7By0dp4pDk8cyVh2faZAigiYKlNBJFLDQl9D2R1dTv30HSos4usVxAl7IBpEIBGdopF65euIi3GOmkflCigfoT0quS3M1UCwE6kx65Ypds2egy8TJSYXkaPTKX24/5mkIEXLJtO46doJexhQKLsFEpBoSxkdsAF1DIxOjvWx2zoRWjdKnQazMi5DO1N8bGQu1Hoe+mQwZDvWiNxX/87opBpdeJqIkRYj4PChIJcWYTruhfaGAoxwbwrgS5q+UD5liHE2DJVOCs3jyMmmd1Ry75tycV+p2XkeRHJFjckocckHq5Jo0SJNw8kieySt5s56sF+vd+piPFqx855D8gfX5A+2em/I=</latexit><latexit sha1_base64="o0G5XEYy7qoY3g9ZfJ//LVn7xGY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCxCrsiaBmwsYxgHpBdwuzkbjJk9sHMXTEu+QIbf8XGQhFbazv/xkmyhSYeGDiccy9n7vETKTTa9rdVWFldW98obpa2tnd298r7By0dp4pDk8cyVh2faZAigiYKlNBJFLDQl9D2R1dTv30HSos4usVxAl7IBpEIBGdopF65euIi3GOmkflCigfoT0quS3M1UCwE6kx65Ypds2egy8TJSYXkaPTKX24/5mkIEXLJtO46doJexhQKLsFEpBoSxkdsAF1DIxOjvWx2zoRWjdKnQazMi5DO1N8bGQu1Hoe+mQwZDvWiNxX/87opBpdeJqIkRYj4PChIJcWYTruhfaGAoxwbwrgS5q+UD5liHE2DJVOCs3jyMmmd1Ry75tycV+p2XkeRHJFjckocckHq5Jo0SJNw8kieySt5s56sF+vd+piPFqx855D8gfX5A+2em/I=</latexit>

stabilized

frame 0
<latexit sha1_base64="Z69UNdN4q95y7eJ+pDN9LPkpkN8=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCxCrsiaBmwsYxgHpBdwuzkbjJk9sHMXTEu+QIbf8XGQhFbazv/xkmyhSYeGDiccy9n7vETKTTa9rdVWFldW98obpa2tnd298r7By0dp4pDk8cyVh2faZAigiYKlNBJFLDQl9D2R1dTv30HSos4usVxAl7IBpEIBGdopF65euIi3GOmkflCigfoT0quS3M1UCwEak965Ypds2egy8TJSYXkaPTKX24/5mkIEXLJtO46doJexhQKLsFEpBoSxkdsAF1DIxOjvWx2zoRWjdKnQazMi5DO1N8bGQu1Hoe+mQwZDvWiNxX/87opBpdeJqIkRYj4PChIJcWYTruhfaGAoxwbwrgS5q+UD5liHE2DJVOCs3jyMmmd1Ry75tycV+p2XkeRHJFjckocckHq5Jo0SJNw8kieySt5s56sF+vd+piPFqx855D8gfX5A+wZm/E=</latexit><latexit sha1_base64="Z69UNdN4q95y7eJ+pDN9LPkpkN8=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCxCrsiaBmwsYxgHpBdwuzkbjJk9sHMXTEu+QIbf8XGQhFbazv/xkmyhSYeGDiccy9n7vETKTTa9rdVWFldW98obpa2tnd298r7By0dp4pDk8cyVh2faZAigiYKlNBJFLDQl9D2R1dTv30HSos4usVxAl7IBpEIBGdopF65euIi3GOmkflCigfoT0quS3M1UCwEak965Ypds2egy8TJSYXkaPTKX24/5mkIEXLJtO46doJexhQKLsFEpBoSxkdsAF1DIxOjvWx2zoRWjdKnQazMi5DO1N8bGQu1Hoe+mQwZDvWiNxX/87opBpdeJqIkRYj4PChIJcWYTruhfaGAoxwbwrgS5q+UD5liHE2DJVOCs3jyMmmd1Ry75tycV+p2XkeRHJFjckocckHq5Jo0SJNw8kieySt5s56sF+vd+piPFqx855D8gfX5A+wZm/E=</latexit><latexit sha1_base64="Z69UNdN4q95y7eJ+pDN9LPkpkN8=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCxCrsiaBmwsYxgHpBdwuzkbjJk9sHMXTEu+QIbf8XGQhFbazv/xkmyhSYeGDiccy9n7vETKTTa9rdVWFldW98obpa2tnd298r7By0dp4pDk8cyVh2faZAigiYKlNBJFLDQl9D2R1dTv30HSos4usVxAl7IBpEIBGdopF65euIi3GOmkflCigfoT0quS3M1UCwEak965Ypds2egy8TJSYXkaPTKX24/5mkIEXLJtO46doJexhQKLsFEpBoSxkdsAF1DIxOjvWx2zoRWjdKnQazMi5DO1N8bGQu1Hoe+mQwZDvWiNxX/87opBpdeJqIkRYj4PChIJcWYTruhfaGAoxwbwrgS5q+UD5liHE2DJVOCs3jyMmmd1Ry75tycV+p2XkeRHJFjckocckHq5Jo0SJNw8kieySt5s56sF+vd+piPFqx855D8gfX5A+wZm/E=</latexit><latexit sha1_base64="Z69UNdN4q95y7eJ+pDN9LPkpkN8=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCxCrsiaBmwsYxgHpBdwuzkbjJk9sHMXTEu+QIbf8XGQhFbazv/xkmyhSYeGDiccy9n7vETKTTa9rdVWFldW98obpa2tnd298r7By0dp4pDk8cyVh2faZAigiYKlNBJFLDQl9D2R1dTv30HSos4usVxAl7IBpEIBGdopF65euIi3GOmkflCigfoT0quS3M1UCwEak965Ypds2egy8TJSYXkaPTKX24/5mkIEXLJtO46doJexhQKLsFEpBoSxkdsAF1DIxOjvWx2zoRWjdKnQazMi5DO1N8bGQu1Hoe+mQwZDvWiNxX/87opBpdeJqIkRYj4PChIJcWYTruhfaGAoxwbwrgS5q+UD5liHE2DJVOCs3jyMmmd1Ry75tycV+p2XkeRHJFjckocckHq5Jo0SJNw8kieySt5s56sF+vd+piPFqx855D8gfX5A+wZm/E=</latexit>

f1
<latexit sha1_base64="PwbXEetdn2wnLi0smz9X/lF+7Yc=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXLJkb+/Y3RPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemEphLKXfXmltfWNzq7xd2dnd2z+oHh61TZJpji2eyER3QmZQCoUtK6zETqqRxaHEx3B8M/Mfn1AbkagHO0kxiNlQiUhwZp10H/X9frVG63QOskr8gtSgQLNf/eoNEp7FqCyXzJiuT1Mb5ExbwSVOK73MYMr4mA2x66hiMZogn586JWdOGZAo0a6UJXP190TOYmMmceg6Y2ZHZtmbif953cxG10EuVJpZVHyxKMoksQmZ/U0GQiO3cuII41q4WwkfMc24delUXAj+8surpH1R92ndv7usNWgRRxlO4BTOwYcraMAtNKEFHIbwDK/w5knvxXv3PhatJa+YOYY/8D5/AOrLjXw=</latexit><latexit sha1_base64="PwbXEetdn2wnLi0smz9X/lF+7Yc=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXLJkb+/Y3RPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemEphLKXfXmltfWNzq7xd2dnd2z+oHh61TZJpji2eyER3QmZQCoUtK6zETqqRxaHEx3B8M/Mfn1AbkagHO0kxiNlQiUhwZp10H/X9frVG63QOskr8gtSgQLNf/eoNEp7FqCyXzJiuT1Mb5ExbwSVOK73MYMr4mA2x66hiMZogn586JWdOGZAo0a6UJXP190TOYmMmceg6Y2ZHZtmbif953cxG10EuVJpZVHyxKMoksQmZ/U0GQiO3cuII41q4WwkfMc24delUXAj+8surpH1R92ndv7usNWgRRxlO4BTOwYcraMAtNKEFHIbwDK/w5knvxXv3PhatJa+YOYY/8D5/AOrLjXw=</latexit><latexit sha1_base64="PwbXEetdn2wnLi0smz9X/lF+7Yc=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXLJkb+/Y3RPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemEphLKXfXmltfWNzq7xd2dnd2z+oHh61TZJpji2eyER3QmZQCoUtK6zETqqRxaHEx3B8M/Mfn1AbkagHO0kxiNlQiUhwZp10H/X9frVG63QOskr8gtSgQLNf/eoNEp7FqCyXzJiuT1Mb5ExbwSVOK73MYMr4mA2x66hiMZogn586JWdOGZAo0a6UJXP190TOYmMmceg6Y2ZHZtmbif953cxG10EuVJpZVHyxKMoksQmZ/U0GQiO3cuII41q4WwkfMc24delUXAj+8surpH1R92ndv7usNWgRRxlO4BTOwYcraMAtNKEFHIbwDK/w5knvxXv3PhatJa+YOYY/8D5/AOrLjXw=</latexit><latexit sha1_base64="PwbXEetdn2wnLi0smz9X/lF+7Yc=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXLJkb+/Y3RPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemEphLKXfXmltfWNzq7xd2dnd2z+oHh61TZJpji2eyER3QmZQCoUtK6zETqqRxaHEx3B8M/Mfn1AbkagHO0kxiNlQiUhwZp10H/X9frVG63QOskr8gtSgQLNf/eoNEp7FqCyXzJiuT1Mb5ExbwSVOK73MYMr4mA2x66hiMZogn586JWdOGZAo0a6UJXP190TOYmMmceg6Y2ZHZtmbif953cxG10EuVJpZVHyxKMoksQmZ/U0GQiO3cuII41q4WwkfMc24delUXAj+8surpH1R92ndv7usNWgRRxlO4BTOwYcraMAtNKEFHIbwDK/w5knvxXv3PhatJa+YOYY/8D5/AOrLjXw=</latexit>

f2
<latexit sha1_base64="1uMmjdaxNW9LaUKlhhERSqfdLkY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTVtoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SjmaYYxHQkecQZNVZ6iAaNQbXm1t0FyDrxClKDAq1B9as/TFgWozRMUK17npuaIKfKcCZwVulnGlPKJnSEPUsljVEH+eLUGbmwypBEibIlDVmovydyGms9jUPbGVMz1qveXPzP62UmuglyLtPMoGTLRVEmiEnI/G8y5AqZEVNLKFPc3krYmCrKjE2nYkPwVl9eJ+1G3XPr3v1VrekWcZThDM7hEjy4hibcQQt8YDCCZ3iFN0c4L86787FsLTnFzCn8gfP5A+xPjX0=</latexit><latexit sha1_base64="1uMmjdaxNW9LaUKlhhERSqfdLkY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTVtoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SjmaYYxHQkecQZNVZ6iAaNQbXm1t0FyDrxClKDAq1B9as/TFgWozRMUK17npuaIKfKcCZwVulnGlPKJnSEPUsljVEH+eLUGbmwypBEibIlDVmovydyGms9jUPbGVMz1qveXPzP62UmuglyLtPMoGTLRVEmiEnI/G8y5AqZEVNLKFPc3krYmCrKjE2nYkPwVl9eJ+1G3XPr3v1VrekWcZThDM7hEjy4hibcQQt8YDCCZ3iFN0c4L86787FsLTnFzCn8gfP5A+xPjX0=</latexit><latexit sha1_base64="1uMmjdaxNW9LaUKlhhERSqfdLkY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTVtoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SjmaYYxHQkecQZNVZ6iAaNQbXm1t0FyDrxClKDAq1B9as/TFgWozRMUK17npuaIKfKcCZwVulnGlPKJnSEPUsljVEH+eLUGbmwypBEibIlDVmovydyGms9jUPbGVMz1qveXPzP62UmuglyLtPMoGTLRVEmiEnI/G8y5AqZEVNLKFPc3krYmCrKjE2nYkPwVl9eJ+1G3XPr3v1VrekWcZThDM7hEjy4hibcQQt8YDCCZ3iFN0c4L86787FsLTnFzCn8gfP5A+xPjX0=</latexit><latexit sha1_base64="1uMmjdaxNW9LaUKlhhERSqfdLkY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTVtoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SjmaYYxHQkecQZNVZ6iAaNQbXm1t0FyDrxClKDAq1B9as/TFgWozRMUK17npuaIKfKcCZwVulnGlPKJnSEPUsljVEH+eLUGbmwypBEibIlDVmovydyGms9jUPbGVMz1qveXPzP62UmuglyLtPMoGTLRVEmiEnI/G8y5AqZEVNLKFPc3krYmCrKjE2nYkPwVl9eJ+1G3XPr3v1VrekWcZThDM7hEjy4hibcQQt8YDCCZ3iFN0c4L86787FsLTnFzCn8gfP5A+xPjX0=</latexit>

f3
<latexit sha1_base64="KwCOfVz14iewxl63xUwuTemsjxE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAeXg2rNrbs5yCrxClKDAs1B9as/jFkaoTRMUK17npsYP6PKcCZwVumnGhPKJnSEPUsljVD7WX7qjJxZZUjCWNmShuTq74mMRlpPo8B2RtSM9bI3F//zeqkJb/yMyyQ1KNliUZgKYmIy/5sMuUJmxNQSyhS3txI2pooyY9Op2BC85ZdXSfui7rl17/6q1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c4L86787FoLTnFzDH8gfP5A+3TjX4=</latexit><latexit sha1_base64="KwCOfVz14iewxl63xUwuTemsjxE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAeXg2rNrbs5yCrxClKDAs1B9as/jFkaoTRMUK17npsYP6PKcCZwVumnGhPKJnSEPUsljVD7WX7qjJxZZUjCWNmShuTq74mMRlpPo8B2RtSM9bI3F//zeqkJb/yMyyQ1KNliUZgKYmIy/5sMuUJmxNQSyhS3txI2pooyY9Op2BC85ZdXSfui7rl17/6q1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c4L86787FoLTnFzDH8gfP5A+3TjX4=</latexit><latexit sha1_base64="KwCOfVz14iewxl63xUwuTemsjxE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAeXg2rNrbs5yCrxClKDAs1B9as/jFkaoTRMUK17npsYP6PKcCZwVumnGhPKJnSEPUsljVD7WX7qjJxZZUjCWNmShuTq74mMRlpPo8B2RtSM9bI3F//zeqkJb/yMyyQ1KNliUZgKYmIy/5sMuUJmxNQSyhS3txI2pooyY9Op2BC85ZdXSfui7rl17/6q1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c4L86787FoLTnFzDH8gfP5A+3TjX4=</latexit><latexit sha1_base64="KwCOfVz14iewxl63xUwuTemsjxE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAeXg2rNrbs5yCrxClKDAs1B9as/jFkaoTRMUK17npsYP6PKcCZwVumnGhPKJnSEPUsljVD7WX7qjJxZZUjCWNmShuTq74mMRlpPo8B2RtSM9bI3F//zeqkJb/yMyyQ1KNliUZgKYmIy/5sMuUJmxNQSyhS3txI2pooyY9Op2BC85ZdXSfui7rl17/6q1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c4L86787FoLTnFzDH8gfP5A+3TjX4=</latexit>

e10
<latexit sha1_base64="wk9tfze9LmklSRZC1dilWvGsiOA=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eCF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GTRpErQ8GHu/NMDMvSDhT2nE+raXlldW19dJGeXNre2e3srffUnEqKXo05rHsBEQhZwI9zTTHTiKRRAHHdjC+zvz2A0rFYnGnJwn6ERkKFjJKtJE87Dv3br9SdWpODnuRuAWpQoFmv/LRG8Q0jVBoyolSXddJtD8lUjPKcVbupQoTQsdkiF1DBYlQ+dP82Jl9bJSBHcbSlNB2rv6cmJJIqUkUmM6I6JH662Xif1431eGlP2UiSTUKOl8UptzWsZ19bg+YRKr5xBBCJTO32nREJKHa5FPOQ7jKcP798iJpndbcs1r9tl5tOEUcJTiEIzgBFy6gATfQBA8oMHiEZ3ixhPVkvVpv89Ylq5g5gF+w3r8AJc2OVQ==</latexit>

e11
<latexit sha1_base64="YMwnqtIYUchXPIydSFVzEm/iJSI=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFW5F0DJgYxnBJEJyhr3NXLJkb+/Y3RPCkd9gY6GIrT/Izn/jJrlCEx8MPN6bYWZemEphrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmObZ4IhP9EDKDUihsWWElPqQaWRxK7ITjm5nfeUJtRKLu7STFIGZDJSLBmXVSC/v0kfarNb/uz0FWCS1IDQo0+9Wv3iDhWYzKcsmM6VI/tUHOtBVc4rTSywymjI/ZELuOKhajCfL5sVNy5pQBiRLtSlkyV39P5Cw2ZhKHrjNmdmSWvZn4n9fNbHQd5EKlmUXFF4uiTBKbkNnnZCA0cisnjjCuhbuV8BHTjFuXT8WFQJdfXiXtizr16/TustbwizjKcAKncA4UrqABt9CEFnAQ8Ayv8OYp78V79z4WrSWvmDmGP/A+fwAOOY4e</latexit><latexit sha1_base64="YMwnqtIYUchXPIydSFVzEm/iJSI=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFW5F0DJgYxnBJEJyhr3NXLJkb+/Y3RPCkd9gY6GIrT/Izn/jJrlCEx8MPN6bYWZemEphrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmObZ4IhP9EDKDUihsWWElPqQaWRxK7ITjm5nfeUJtRKLu7STFIGZDJSLBmXVSC/v0kfarNb/uz0FWCS1IDQo0+9Wv3iDhWYzKcsmM6VI/tUHOtBVc4rTSywymjI/ZELuOKhajCfL5sVNy5pQBiRLtSlkyV39P5Cw2ZhKHrjNmdmSWvZn4n9fNbHQd5EKlmUXFF4uiTBKbkNnnZCA0cisnjjCuhbuV8BHTjFuXT8WFQJdfXiXtizr16/TustbwizjKcAKncA4UrqABt9CEFnAQ8Ayv8OYp78V79z4WrSWvmDmGP/A+fwAOOY4e</latexit><latexit sha1_base64="YMwnqtIYUchXPIydSFVzEm/iJSI=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFW5F0DJgYxnBJEJyhr3NXLJkb+/Y3RPCkd9gY6GIrT/Izn/jJrlCEx8MPN6bYWZemEphrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmObZ4IhP9EDKDUihsWWElPqQaWRxK7ITjm5nfeUJtRKLu7STFIGZDJSLBmXVSC/v0kfarNb/uz0FWCS1IDQo0+9Wv3iDhWYzKcsmM6VI/tUHOtBVc4rTSywymjI/ZELuOKhajCfL5sVNy5pQBiRLtSlkyV39P5Cw2ZhKHrjNmdmSWvZn4n9fNbHQd5EKlmUXFF4uiTBKbkNnnZCA0cisnjjCuhbuV8BHTjFuXT8WFQJdfXiXtizr16/TustbwizjKcAKncA4UrqABt9CEFnAQ8Ayv8OYp78V79z4WrSWvmDmGP/A+fwAOOY4e</latexit><latexit sha1_base64="YMwnqtIYUchXPIydSFVzEm/iJSI=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFW5F0DJgYxnBJEJyhr3NXLJkb+/Y3RPCkd9gY6GIrT/Izn/jJrlCEx8MPN6bYWZemEphrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmmObZ4IhP9EDKDUihsWWElPqQaWRxK7ITjm5nfeUJtRKLu7STFIGZDJSLBmXVSC/v0kfarNb/uz0FWCS1IDQo0+9Wv3iDhWYzKcsmM6VI/tUHOtBVc4rTSywymjI/ZELuOKhajCfL5sVNy5pQBiRLtSlkyV39P5Cw2ZhKHrjNmdmSWvZn4n9fNbHQd5EKlmUXFF4uiTBKbkNnnZCA0cisnjjCuhbuV8BHTjFuXT8WFQJdfXiXtizr16/TustbwizjKcAKncA4UrqABt9CEFnAQ8Ayv8OYp78V79z4WrSWvmDmGP/A+fwAOOY4e</latexit>

e12
<latexit sha1_base64="qUnhCpPw0A7JAXzx50POubvPaXI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SDmaYYxHQkecQZNVbycdB49AbVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+XmegmyLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20G3XPrXv3V7WmW8RRhjM4h0vw4BqacAct8IEBh2d4hTdHOi/Ou/OxbC05xcwp/IHz+QMPv44f</latexit><latexit sha1_base64="qUnhCpPw0A7JAXzx50POubvPaXI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SDmaYYxHQkecQZNVbycdB49AbVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+XmegmyLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20G3XPrXv3V7WmW8RRhjM4h0vw4BqacAct8IEBh2d4hTdHOi/Ou/OxbC05xcwp/IHz+QMPv44f</latexit><latexit sha1_base64="qUnhCpPw0A7JAXzx50POubvPaXI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SDmaYYxHQkecQZNVbycdB49AbVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+XmegmyLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20G3XPrXv3V7WmW8RRhjM4h0vw4BqacAct8IEBh2d4hTdHOi/Ou/OxbC05xcwp/IHz+QMPv44f</latexit><latexit sha1_base64="qUnhCpPw0A7JAXzx50POubvPaXI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SDmaYYxHQkecQZNVbycdB49AbVmlt3FyDrxCtIDQq0BtWv/jBhWYzSMEG17nluaoKcKsOZwFmln2lMKZvQEfYslTRGHeSLY2fkwipDEiXKljRkof6eyGms9TQObWdMzVivenPxP6+XmegmyLlMM4OSLRdFmSAmIfPPyZArZEZMLaFMcXsrYWOqKDM2n4oNwVt9eZ20G3XPrXv3V7WmW8RRhjM4h0vw4BqacAct8IEBh2d4hTdHOi/Ou/OxbC05xcwp/IHz+QMPv44f</latexit>

(s0)
<latexit sha1_base64="nSlz/GAk/6F5WWv+GotSGk0damo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvHis4LaFdinZNNuGJtklyQpl6W/w4kERr/4gb/4b03YP2vpg4PHeDDPzolRwYzH+9kobm1vbO+Xdyt7+weFR9fikbZJMUxbQRCS6GxHDBFcssNwK1k01IzISrBNN7uZ+54lpwxP1aKcpCyUZKR5zSqyTgroZ4MtBtYYbeAG0TvyC1KBAa1D96g8TmkmmLBXEmJ6PUxvmRFtOBZtV+plhKaETMmI9RxWRzIT54tgZunDKEMWJdqUsWqi/J3IijZnKyHVKYsdm1ZuL/3m9zMa3Yc5Vmlmm6HJRnAlkEzT/HA25ZtSKqSOEau5uRXRMNKHW5VNxIfirL6+T9lXDxw3/4brWxEUcZTiDc6iDDzfQhHtoQQAUODzDK7x5ynvx3r2PZWvJK2ZO4Q+8zx/DXI3t</latexit><latexit sha1_base64="nSlz/GAk/6F5WWv+GotSGk0damo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvHis4LaFdinZNNuGJtklyQpl6W/w4kERr/4gb/4b03YP2vpg4PHeDDPzolRwYzH+9kobm1vbO+Xdyt7+weFR9fikbZJMUxbQRCS6GxHDBFcssNwK1k01IzISrBNN7uZ+54lpwxP1aKcpCyUZKR5zSqyTgroZ4MtBtYYbeAG0TvyC1KBAa1D96g8TmkmmLBXEmJ6PUxvmRFtOBZtV+plhKaETMmI9RxWRzIT54tgZunDKEMWJdqUsWqi/J3IijZnKyHVKYsdm1ZuL/3m9zMa3Yc5Vmlmm6HJRnAlkEzT/HA25ZtSKqSOEau5uRXRMNKHW5VNxIfirL6+T9lXDxw3/4brWxEUcZTiDc6iDDzfQhHtoQQAUODzDK7x5ynvx3r2PZWvJK2ZO4Q+8zx/DXI3t</latexit><latexit sha1_base64="nSlz/GAk/6F5WWv+GotSGk0damo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvHis4LaFdinZNNuGJtklyQpl6W/w4kERr/4gb/4b03YP2vpg4PHeDDPzolRwYzH+9kobm1vbO+Xdyt7+weFR9fikbZJMUxbQRCS6GxHDBFcssNwK1k01IzISrBNN7uZ+54lpwxP1aKcpCyUZKR5zSqyTgroZ4MtBtYYbeAG0TvyC1KBAa1D96g8TmkmmLBXEmJ6PUxvmRFtOBZtV+plhKaETMmI9RxWRzIT54tgZunDKEMWJdqUsWqi/J3IijZnKyHVKYsdm1ZuL/3m9zMa3Yc5Vmlmm6HJRnAlkEzT/HA25ZtSKqSOEau5uRXRMNKHW5VNxIfirL6+T9lXDxw3/4brWxEUcZTiDc6iDDzfQhHtoQQAUODzDK7x5ynvx3r2PZWvJK2ZO4Q+8zx/DXI3t</latexit><latexit sha1_base64="nSlz/GAk/6F5WWv+GotSGk0damo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXkpWBD0WvHis4LaFdinZNNuGJtklyQpl6W/w4kERr/4gb/4b03YP2vpg4PHeDDPzolRwYzH+9kobm1vbO+Xdyt7+weFR9fikbZJMUxbQRCS6GxHDBFcssNwK1k01IzISrBNN7uZ+54lpwxP1aKcpCyUZKR5zSqyTgroZ4MtBtYYbeAG0TvyC1KBAa1D96g8TmkmmLBXEmJ6PUxvmRFtOBZtV+plhKaETMmI9RxWRzIT54tgZunDKEMWJdqUsWqi/J3IijZnKyHVKYsdm1ZuL/3m9zMa3Yc5Vmlmm6HJRnAlkEzT/HA25ZtSKqSOEau5uRXRMNKHW5VNxIfirL6+T9lXDxw3/4brWxEUcZTiDc6iDDzfQhHtoQQAUODzDK7x5ynvx3r2PZWvJK2ZO4Q+8zx/DXI3t</latexit>

(s1)
<latexit sha1_base64="oVetPmiZMomFpRF4os34b1O2D1s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh4LXjxWMG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ2ySZZtxniUx0N6SGS6G4jwIl76aa0ziUvBNO7uZ+54lrIxL1iNOUBzEdKREJRtFKft0MvMtBteY23AXIOvEKUoMCrUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfdXw3Ib3cF1rukUcZTiDc6iDBzfQhHtogQ8MBDzDK7w5ynlx3p2PZWvJKWZO4Q+czx/E4Y3u</latexit><latexit sha1_base64="oVetPmiZMomFpRF4os34b1O2D1s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh4LXjxWMG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ2ySZZtxniUx0N6SGS6G4jwIl76aa0ziUvBNO7uZ+54lrIxL1iNOUBzEdKREJRtFKft0MvMtBteY23AXIOvEKUoMCrUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfdXw3Ib3cF1rukUcZTiDc6iDBzfQhHtogQ8MBDzDK7w5ynlx3p2PZWvJKWZO4Q+czx/E4Y3u</latexit><latexit sha1_base64="oVetPmiZMomFpRF4os34b1O2D1s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh4LXjxWMG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ2ySZZtxniUx0N6SGS6G4jwIl76aa0ziUvBNO7uZ+54lrIxL1iNOUBzEdKREJRtFKft0MvMtBteY23AXIOvEKUoMCrUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfdXw3Ib3cF1rukUcZTiDc6iDBzfQhHtogQ8MBDzDK7w5ynlx3p2PZWvJKWZO4Q+czx/E4Y3u</latexit><latexit sha1_base64="oVetPmiZMomFpRF4os34b1O2D1s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh4LXjxWMG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ2ySZZtxniUx0N6SGS6G4jwIl76aa0ziUvBNO7uZ+54lrIxL1iNOUBzEdKREJRtFKft0MvMtBteY23AXIOvEKUoMCrUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfdXw3Ib3cF1rukUcZTiDc6iDBzfQhHtogQ8MBDzDK7w5ynlx3p2PZWvJKWZO4Q+czx/E4Y3u</latexit>

(s2)
<latexit sha1_base64="UEvDEkgi65h6S2fHAHtvXYQCPgA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFqhDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32yltbG5t75R3K3v7B4dH1eOTjk4yxdBniUjUY0g1Ci7RN9wIfEwV0jgU2A0nt3O/+4RK80Q+mGmKQUxHkkecUWMlv64HzctBteY23AXIOvEKUoMC7UH1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9SyWNUQf54tgZubDKkESJsiUNWai/J3Iaaz2NQ9sZUzPWq95c/M/rZSa6CXIu08ygZMtFUSaIScj8czLkCpkRU0soU9zeStiYKsqMzadiQ/BWX14nnWbDcxve/VWt5RZxlOEMzqEOHlxDC+6gDT4w4PAMr/DmSOfFeXc+lq0lp5g5hT9wPn8AxmaN7w==</latexit><latexit sha1_base64="UEvDEkgi65h6S2fHAHtvXYQCPgA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFqhDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32yltbG5t75R3K3v7B4dH1eOTjk4yxdBniUjUY0g1Ci7RN9wIfEwV0jgU2A0nt3O/+4RK80Q+mGmKQUxHkkecUWMlv64HzctBteY23AXIOvEKUoMC7UH1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9SyWNUQf54tgZubDKkESJsiUNWai/J3Iaaz2NQ9sZUzPWq95c/M/rZSa6CXIu08ygZMtFUSaIScj8czLkCpkRU0soU9zeStiYKsqMzadiQ/BWX14nnWbDcxve/VWt5RZxlOEMzqEOHlxDC+6gDT4w4PAMr/DmSOfFeXc+lq0lp5g5hT9wPn8AxmaN7w==</latexit><latexit sha1_base64="UEvDEkgi65h6S2fHAHtvXYQCPgA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFqhDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32yltbG5t75R3K3v7B4dH1eOTjk4yxdBniUjUY0g1Ci7RN9wIfEwV0jgU2A0nt3O/+4RK80Q+mGmKQUxHkkecUWMlv64HzctBteY23AXIOvEKUoMC7UH1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9SyWNUQf54tgZubDKkESJsiUNWai/J3Iaaz2NQ9sZUzPWq95c/M/rZSa6CXIu08ygZMtFUSaIScj8czLkCpkRU0soU9zeStiYKsqMzadiQ/BWX14nnWbDcxve/VWt5RZxlOEMzqEOHlxDC+6gDT4w4PAMr/DmSOfFeXc+lq0lp5g5hT9wPn8AxmaN7w==</latexit><latexit sha1_base64="UEvDEkgi65h6S2fHAHtvXYQCPgA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFqhDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32yltbG5t75R3K3v7B4dH1eOTjk4yxdBniUjUY0g1Ci7RN9wIfEwV0jgU2A0nt3O/+4RK80Q+mGmKQUxHkkecUWMlv64HzctBteY23AXIOvEKUoMC7UH1qz9MWBajNExQrXuem5ogp8pwJnBW6WcaU8omdIQ9SyWNUQf54tgZubDKkESJsiUNWai/J3Iaaz2NQ9sZUzPWq95c/M/rZSa6CXIu08ygZMtFUSaIScj8czLkCpkRU0soU9zeStiYKsqMzadiQ/BWX14nnWbDcxve/VWt5RZxlOEMzqEOHlxDC+6gDT4w4PAMr/DmSOfFeXc+lq0lp5g5hT9wPn8AxmaN7w==</latexit>

(s3)
<latexit sha1_base64="UxuQz9PUYtqsunRyrY47YgV0WKk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPBi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSSXzP9q4t+perW3TnIKvEKUoUCzX7lqzdIWBZzhUxSY7qem2KQU42CST4t9zLDU8rGdMi7lioacxPk82On5NwqAxIl2pZCMld/T+Q0NmYSh7Yzpjgyy95M/M/rZhjdBrlQaYZcscWiKJMEEzL7nAyE5gzlxBLKtLC3EjaimjK0+ZRtCN7yy6ukdVn33Lr3cF1tuEUcJTiFM6iBBzfQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz/H643w</latexit><latexit sha1_base64="UxuQz9PUYtqsunRyrY47YgV0WKk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPBi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSSXzP9q4t+perW3TnIKvEKUoUCzX7lqzdIWBZzhUxSY7qem2KQU42CST4t9zLDU8rGdMi7lioacxPk82On5NwqAxIl2pZCMld/T+Q0NmYSh7Yzpjgyy95M/M/rZhjdBrlQaYZcscWiKJMEEzL7nAyE5gzlxBLKtLC3EjaimjK0+ZRtCN7yy6ukdVn33Lr3cF1tuEUcJTiFM6iBBzfQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz/H643w</latexit><latexit sha1_base64="UxuQz9PUYtqsunRyrY47YgV0WKk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPBi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSSXzP9q4t+perW3TnIKvEKUoUCzX7lqzdIWBZzhUxSY7qem2KQU42CST4t9zLDU8rGdMi7lioacxPk82On5NwqAxIl2pZCMld/T+Q0NmYSh7Yzpjgyy95M/M/rZhjdBrlQaYZcscWiKJMEEzL7nAyE5gzlxBLKtLC3EjaimjK0+ZRtCN7yy6ukdVn33Lr3cF1tuEUcJTiFM6iBBzfQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz/H643w</latexit><latexit sha1_base64="UxuQz9PUYtqsunRyrY47YgV0WKk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPBi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fju5nffuLaiEQ94iTlQUyHSkSCUbSSXzP9q4t+perW3TnIKvEKUoUCzX7lqzdIWBZzhUxSY7qem2KQU42CST4t9zLDU8rGdMi7lioacxPk82On5NwqAxIl2pZCMld/T+Q0NmYSh7Yzpjgyy95M/M/rZhjdBrlQaYZcscWiKJMEEzL7nAyE5gzlxBLKtLC3EjaimjK0+ZRtCN7yy6ukdVn33Lr3cF1tuEUcJTiFM6iBBzfQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz/H643w</latexit>

p0
<latexit sha1_base64="wJ5GJRuPukGuVxVn+u6FO6DYs0k=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXrJkb+/YnRPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemCppkdJvr7S2vrG5Vd6u7Ozu7R9UD4/aNskMFy2eqMR0QmaFklq0UKISndQIFodKPIbjm5n/+CSMlYl+wEkqgpgNtYwkZ+ik+7RP+9UardM5yCrxC1KDAs1+9as3SHgWC41cMWu7Pk0xyJlByZWYVnqZFSnjYzYUXUc1i4UN8vmpU3LmlAGJEuNKI5mrvydyFls7iUPXGTMc2WVvJv7ndTOMroNc6jRDofliUZQpggmZ/U0G0giOauII40a6WwkfMcM4unQqLgR/+eVV0r6o+7Tu313WGrSIowwncArn4MMVNOAWmtACDkN4hld485T34r17H4vWklfMHMMfeJ8/+IONhQ==</latexit><latexit sha1_base64="wJ5GJRuPukGuVxVn+u6FO6DYs0k=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXrJkb+/YnRPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemCppkdJvr7S2vrG5Vd6u7Ozu7R9UD4/aNskMFy2eqMR0QmaFklq0UKISndQIFodKPIbjm5n/+CSMlYl+wEkqgpgNtYwkZ+ik+7RP+9UardM5yCrxC1KDAs1+9as3SHgWC41cMWu7Pk0xyJlByZWYVnqZFSnjYzYUXUc1i4UN8vmpU3LmlAGJEuNKI5mrvydyFls7iUPXGTMc2WVvJv7ndTOMroNc6jRDofliUZQpggmZ/U0G0giOauII40a6WwkfMcM4unQqLgR/+eVV0r6o+7Tu313WGrSIowwncArn4MMVNOAWmtACDkN4hld485T34r17H4vWklfMHMMfeJ8/+IONhQ==</latexit><latexit sha1_base64="wJ5GJRuPukGuVxVn+u6FO6DYs0k=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXrJkb+/YnRPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemCppkdJvr7S2vrG5Vd6u7Ozu7R9UD4/aNskMFy2eqMR0QmaFklq0UKISndQIFodKPIbjm5n/+CSMlYl+wEkqgpgNtYwkZ+ik+7RP+9UardM5yCrxC1KDAs1+9as3SHgWC41cMWu7Pk0xyJlByZWYVnqZFSnjYzYUXUc1i4UN8vmpU3LmlAGJEuNKI5mrvydyFls7iUPXGTMc2WVvJv7ndTOMroNc6jRDofliUZQpggmZ/U0G0giOauII40a6WwkfMcM4unQqLgR/+eVV0r6o+7Tu313WGrSIowwncArn4MMVNOAWmtACDkN4hld485T34r17H4vWklfMHMMfeJ8/+IONhQ==</latexit><latexit sha1_base64="wJ5GJRuPukGuVxVn+u6FO6DYs0k=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXrJkb+/YnRPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemCppkdJvr7S2vrG5Vd6u7Ozu7R9UD4/aNskMFy2eqMR0QmaFklq0UKISndQIFodKPIbjm5n/+CSMlYl+wEkqgpgNtYwkZ+ik+7RP+9UardM5yCrxC1KDAs1+9as3SHgWC41cMWu7Pk0xyJlByZWYVnqZFSnjYzYUXUc1i4UN8vmpU3LmlAGJEuNKI5mrvydyFls7iUPXGTMc2WVvJv7ndTOMroNc6jRDofliUZQpggmZ/U0G0giOauII40a6WwkfMcM4unQqLgR/+eVV0r6o+7Tu313WGrSIowwncArn4MMVNOAWmtACDkN4hld485T34r17H4vWklfMHMMfeJ8/+IONhQ==</latexit>

p1
<latexit sha1_base64="SPQejnhU2XNzxm1azJGwfMUQWcM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXLJkb+/Y3RPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemEphLKXfXmltfWNzq7xd2dnd2z+oHh61TZJpji2eyER3QmZQCoUtK6zETqqRxaHEx3B8M/Mfn1AbkagHO0kxiNlQiUhwZp10n/b9frVG63QOskr8gtSgQLNf/eoNEp7FqCyXzJiuT1Mb5ExbwSVOK73MYMr4mA2x66hiMZogn586JWdOGZAo0a6UJXP190TOYmMmceg6Y2ZHZtmbif953cxG10EuVJpZVHyxKMoksQmZ/U0GQiO3cuII41q4WwkfMc24delUXAj+8surpH1R92ndv7usNWgRRxlO4BTOwYcraMAtNKEFHIbwDK/w5knvxXv3PhatJa+YOYY/8D5/APoHjYY=</latexit><latexit sha1_base64="SPQejnhU2XNzxm1azJGwfMUQWcM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXLJkb+/Y3RPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemEphLKXfXmltfWNzq7xd2dnd2z+oHh61TZJpji2eyER3QmZQCoUtK6zETqqRxaHEx3B8M/Mfn1AbkagHO0kxiNlQiUhwZp10n/b9frVG63QOskr8gtSgQLNf/eoNEp7FqCyXzJiuT1Mb5ExbwSVOK73MYMr4mA2x66hiMZogn586JWdOGZAo0a6UJXP190TOYmMmceg6Y2ZHZtmbif953cxG10EuVJpZVHyxKMoksQmZ/U0GQiO3cuII41q4WwkfMc24delUXAj+8surpH1R92ndv7usNWgRRxlO4BTOwYcraMAtNKEFHIbwDK/w5knvxXv3PhatJa+YOYY/8D5/APoHjYY=</latexit><latexit sha1_base64="SPQejnhU2XNzxm1azJGwfMUQWcM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXLJkb+/Y3RPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemEphLKXfXmltfWNzq7xd2dnd2z+oHh61TZJpji2eyER3QmZQCoUtK6zETqqRxaHEx3B8M/Mfn1AbkagHO0kxiNlQiUhwZp10n/b9frVG63QOskr8gtSgQLNf/eoNEp7FqCyXzJiuT1Mb5ExbwSVOK73MYMr4mA2x66hiMZogn586JWdOGZAo0a6UJXP190TOYmMmceg6Y2ZHZtmbif953cxG10EuVJpZVHyxKMoksQmZ/U0GQiO3cuII41q4WwkfMc24delUXAj+8surpH1R92ndv7usNWgRRxlO4BTOwYcraMAtNKEFHIbwDK/w5knvxXv3PhatJa+YOYY/8D5/APoHjYY=</latexit><latexit sha1_base64="SPQejnhU2XNzxm1azJGwfMUQWcM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0DJgYxnRxEByhL3NXLJkb+/Y3RPCkZ9gY6GIrb/Izn/jJrlCEx8MPN6bYWZemEphLKXfXmltfWNzq7xd2dnd2z+oHh61TZJpji2eyER3QmZQCoUtK6zETqqRxaHEx3B8M/Mfn1AbkagHO0kxiNlQiUhwZp10n/b9frVG63QOskr8gtSgQLNf/eoNEp7FqCyXzJiuT1Mb5ExbwSVOK73MYMr4mA2x66hiMZogn586JWdOGZAo0a6UJXP190TOYmMmceg6Y2ZHZtmbif953cxG10EuVJpZVHyxKMoksQmZ/U0GQiO3cuII41q4WwkfMc24delUXAj+8surpH1R92ndv7usNWgRRxlO4BTOwYcraMAtNKEFHIbwDK/w5knvxXv3PhatJa+YOYY/8D5/APoHjYY=</latexit>

p2
<latexit sha1_base64="ZQ1h9/c74MRik37fHgziSsdAy2Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQzpoDKo1t+4uQNaJV5AaFGgNql/9YcKymCtkkhrT89wUg5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6CbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU2nYkPwVl9eJ+1G3XPr3v1VrekWcZThDM7hEjy4hibcQQt8YDCCZ3iFN0c6L86787FsLTnFzCn8gfP5A/uLjYc=</latexit><latexit sha1_base64="ZQ1h9/c74MRik37fHgziSsdAy2Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQzpoDKo1t+4uQNaJV5AaFGgNql/9YcKymCtkkhrT89wUg5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6CbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU2nYkPwVl9eJ+1G3XPr3v1VrekWcZThDM7hEjy4hibcQQt8YDCCZ3iFN0c6L86787FsLTnFzCn8gfP5A/uLjYc=</latexit><latexit sha1_base64="ZQ1h9/c74MRik37fHgziSsdAy2Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQzpoDKo1t+4uQNaJV5AaFGgNql/9YcKymCtkkhrT89wUg5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6CbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU2nYkPwVl9eJ+1G3XPr3v1VrekWcZThDM7hEjy4hibcQQt8YDCCZ3iFN0c6L86787FsLTnFzCn8gfP5A/uLjYc=</latexit><latexit sha1_base64="ZQ1h9/c74MRik37fHgziSsdAy2Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQzpoDKo1t+4uQNaJV5AaFGgNql/9YcKymCtkkhrT89wUg5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOiMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6CbIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU2nYkPwVl9eJ+1G3XPr3v1VrekWcZThDM7hEjy4hibcQQt8YDCCZ3iFN0c6L86787FsLTnFzCn8gfP5A/uLjYc=</latexit>

p3
<latexit sha1_base64="BW/bkuPOhFhKPKz7EMqy4JYINrk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQzK4HFRrbt3NQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP8tPnZEzqwxJGGtbCkmu/p7IaGTMNApsZ0RxbJa9ufif10sxvPEzoZIUuWKLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC85ZdXSfui7rl17/6q1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5A/0PjYg=</latexit><latexit sha1_base64="BW/bkuPOhFhKPKz7EMqy4JYINrk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQzK4HFRrbt3NQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP8tPnZEzqwxJGGtbCkmu/p7IaGTMNApsZ0RxbJa9ufif10sxvPEzoZIUuWKLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC85ZdXSfui7rl17/6q1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5A/0PjYg=</latexit><latexit sha1_base64="BW/bkuPOhFhKPKz7EMqy4JYINrk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQzK4HFRrbt3NQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP8tPnZEzqwxJGGtbCkmu/p7IaGTMNApsZ0RxbJa9ufif10sxvPEzoZIUuWKLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC85ZdXSfui7rl17/6q1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5A/0PjYg=</latexit><latexit sha1_base64="BW/bkuPOhFhKPKz7EMqy4JYINrk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQzK4HFRrbt3NQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP8tPnZEzqwxJGGtbCkmu/p7IaGTMNApsZ0RxbJa9ufif10sxvPEzoZIUuWKLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC85ZdXSfui7rl17/6q1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5A/0PjYg=</latexit>

Figure 5: The analysis log-homographies ft map consecu-

tive input frames. The corrections pt are applied to a fixed

crop window centered in each frame to stabilize the video.

The derivatives ei, i = 1, 2, 3, refer to the stabilized path.
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Figure 6: There are two basic problems that our crop con-

straints must guard against: sampling invalid pixels and

loss of field-of-view. Recall that there are two equivalent

views of the problem: corrections {Pt} applied to the crop

window within a fixed frame, or inverse-transforms {P−1
t }

applied to the original frame, viewed through a fixed crop

window. Here we show the two views on the two prob-

lems. Problem 1: the transformed crop rect leaves the frame

(equivalently, the fixed crop rect samples from outside the

inverse-transformed frame), and hence contains invalid pix-

els. Problem 2: the transform shrinks the crop rect too

much (equivalently, inverse transform enlarges the frame

too much), so that the crop represents insufficient field-of-

view (despite a fixed size in pixels).

The e2 and e3 terms are similar, corresponding to sec-

ond and third derivatives of the smoothed path (see sup-

plement C). The trace constraint is needed because log-

homographies have zero trace, and the crop constraints are

described next.

2.3. Crop constraints

Stabilization necessarily results in crop (based on the in-

tersection of valid pixels after all frames have been trans-

formed by their respective corrections); in general, there is

a tradeoff between stabilization strength and crop severity.

We provide for adjustment of this tradeoff via a maximum-

crop-allowance parameter, and build crop constraints to en-

sure that the stabilization does not exceed this allowance. A

somewhat subtle point is that the crop fraction doesn’t re-

fer directly to the dimensions of the stabilized and cropped

video, but to the fraction of the field-of-view represented

therein. In other words, the maximum-crop parameter is a

lower bound for the preserved field-of-view.

We model the problem in terms of the corrections to

be applied to the crop window (which we generally make

somewhat larger than the minimum allowed dimensions for

the client-specified crop fraction, since the correction trans-

formations may reduce its field-of-view). As shown in fig-

ure 6, we need to protect against two basic problems: in-

valid pixels and loss of field-of-view. Hence we design

constraints that ensure that (1) the transformed crop win-

dow stays within the original frame rectangle, ensuring all

pixels are valid, and (2) sufficient field-of-view is preserved

after transforming the crop window.

Valid-pixel constraints We want to ensure that the trans-

formed crop window lands fully inside the frame rectan-

gle, so that it samples only valid pixels (to avoid problem

1 in figure 6). That is, if D(h; c0:4) : R
9 → R

8 com-

putes the change in the positions of four corners due to a

log-homography h, we want

(−
w

2
,−

h

2
) ≤ D(pt; c

0:4
wind) + c0:4wind ≤ (

w

2
,
h

2
),

for each correction log-homography pt, where c0:4wind are

the 4 corners of the original crop rectangle and w, h are

the width and height of the original frame, with origin at

the center of the frame. We linearize the constraints us-

ing the approximation D(pt; c
0:4
wind) ≈ ∇D|0,c0:4

wind
pt, where

∇D ∈ R
8×9 is the Jacobian with respect to h centered at 0,

which linearly approximates how the corners move due to

h (see supplement D eq. 3).

Field-of-view constraints The correction transformation

must also preserve sufficient field-of-view (i.e. avoid prob-

lem 2 in figure 6). Since we can’t express that requirement

as a linear constraint, we instead approximate it by requiring

that the area and sidelengths of the transformed crop win-

dow are at least as large as the area and sidelengths of a rect-

angle with dimensions (1 − crop fraction) times the frame

dimensions. These constraints do not necessarily guarantee

field-of-view preservation; under extreme distortion – large

shear, for example – they can be satisfied but field-of-view

can still be lost. However, our distortion constraints (section

2.5) and objective terms generally prevent such pathologi-
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cal cases from occurring. So, the approximate field-of-view

constraints are:

Area(c(p; cwind)) ≥ (1− crop frac)2 × Area(frame)

Sidelen(c(p; cwind)) ≥ (1− crop frac)× Sidelen(frame),

for each correction p, where c(p; cwind) denotes the corners

of the crop window transformed by p. As with the valid-

pixel constraints, we can linearize the area and sidelength

constraints via the Jacobian (details in supplement E).

2.4. ℓ2 Fidelity objective

The quadratic term 1
2w0‖p‖

2
2 helps keep the correction

log-homographies close to the identity. This encourages fi-

delity to the input camera trajectory in order to respect the

original intent. (For example, if the input is a deliberate

pan, we should not necessarily tripod-stabilize even if the

constraints would allow.) The ℓ2-term also acts as regular-

ization, making the problem strictly convex and the solution

unique. (Without saliency constraints, [9] is not strictly con-

vex.) The fidelity term also offers control over stabilization

strength, since varying w0 trades off fidelity versus mini-

mizing derivatives. w0 can even be adjusted per-frame; for

example, we may want to decrease stabilization strength for

frames with serious motion blur, since removing the camera

motion associated with motion blur can look unnatural.

2.5. Distortion mitigation

We attempt to minimize the perceived distortion that can

result from stabilization corrections. For example, shearing

and perspective transforms can create the appearance of un-

natural, fluid motion of rigid objects, and planar distortions

of non-planar content like faces can produce unpleasant re-

sults, particularly if the distortions vary rapidly over time.

Affine diagonal and off-diagonal. Grundmann [9] en-

courage rigidity in the correction transforms by constrain-

ing the diagonal and off-diagonal absolute difference and

sum i.e. |a−d| < ǫ1, |b+c| < ǫ2, where a, b, c, d are the en-

tries of the upper left 2×2 block of the corrections. We find

it more helpful to add quadratic objective terms ||a − d||2,

||b + c||2 penalizing these quantities – the quadratic choice

is mild for small values but becomes gradually severe for

larger ones, as opposed to a constraint which provides no

discouragement until hitting a hard stop.

Keystone-translation ratio. Supplement G shows that

keystone and translation have a constant linear relationship

under certain common circumstances. When this relation-

ship exists in the input we should preserve it in the sta-

bilized trajectory to avoid distortion. Given a keystone-

translation ratio R in the input: i.e. k ≈ Rt, where k is

keystone and t is translation, we can add an objective term:

‖kx −Rtx‖
2 + ‖ky −Rty‖

2 to encourage the desired rela-

tionship in the corrections. If the input and correction trans-

forms preserve the ratio, the stabilized path will also.

inverse-transformed frame rect

Direct (transformed aperture) view:

salient rect must lie inside transformed

crop rect (nonconvex) 

Inverse (transformed frame) view:

inverse-transformed salient rect must lie inside 

fixed crop rect

original frame rect

transformed crop rect crop rect (fixed)

inverse-

transformed

salient rect

salient rect

Figure 7: To ensure that a salient rectangle remains visible

in the stabilized video, we must keep it inside the trans-

formed crop window, or equivalently, make sure that the

inverse-transformed salient rect is contained in the fixed

crop rect. We can approximate the latter viewpoint as a con-

vex constraint in terms of log-homographies.
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Figure 8: Stabilization with saliency constraints or cen-

tering objective (please see supplementary video dog-l1-

saliency-comparison.mp4). Plots show value over time

of translation homography elements (where homographies

map between consecutive frames). Each plot compares de-

fault L1 (green), L1-with-saliency-constraint (red), and L1-

with-centering-objective (blue).

2.6. Saliency constraints and centering objective

Many videos contain one or more salient objects or re-

gions (people’s faces, pets, or players at sports events [4],

for example). We may wish to direct the stabilization path

to ‘focus’ on, or at least avoid cropping out, these objects.

In this section we present a few approaches to this problem.

Inclusion constraints. One approach is to add hard or

soft constraints requiring that salient points are included in

the cropped, stabilized video. This is similar in spirit to the

proposal of Grundmann, but our log-homography transform

simplifies the formulation considerably. This approach can

handle any collection of salient points, arbitrary salient re-

gions (by computing the convex hull and placing a point

at each vertex), and bounding boxes (by placing a point

at each corner). Suppose we wish to ensure that a point

st ∈ R
2 remains visible in frame t of the stabilized video.

That is, st should be inside in the crop window after it has

been corrected by Pt = exp(pt). We can’t express this di-

rectly as a convex constraint, so we instead note that it is

equivalent to P−1
t st ∈ crop rect. (P−1

t is the correction

that would be applied to the original frame to stabilize it.)
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fixed 1 fixed 2 fixed 3

match

match

window 2

window 3

window 1

Figure 9: Basic windowed L1 strategy: iteratively solve

within overlapping windows subject to constraints requir-

ing beginning of current window to match previous fixed

solution.

Using our earlier notation and linearization strategy from

the crop constraints, d(h;x) represents the delta in point x

due to the corresponding homography H = exp(h), and so,

using equation 3 (logH−1 = −h), we have

P−1
t st = st + d(−pt, st) ≈ st −∇d|0,stpt,

Hence we can approximate the constraint by the lineariza-

tion: st − ∇d|0,stpt ∈ crop rect. [9] make a careful dis-

tinction between ‘feature path’ and ‘camera path’ formu-

lations, (where corrections are applied to the video frame

or crop window, respectively) – the corrections in the two

cases are inverses of each other. The former choice makes

the saliency constraints easy to formulate but the crop con-

straints difficult, and they cannot express some constraints

in terms of Pt and others in terms of P−1
t since the inverse

operation is non-convex. But log-homographies avoid that

issue, since the inverse of pt is just −pt.

Centering objective. We can also add an objective term

that attempts to center a salient object in the stabilized

video, creating a stronger sense of ‘focus’ than constraints

alone. In general, we can guide the stabilized trajectory by

adding an objective term to keep the corrections close to

a sequence of target log-homographies: ‖p − ptarget‖
2
2 (we

choose an ℓ2 penalty to strongly discourage large deviations

while accepting small ones). In this case, we can set the

target as the pure-translation corrections that would center

the salient object in each frame. An advantage of objec-

tive terms versus constraints is that infeasibility is not an is-

sue – cases where the object cannot be centered are handled

gracefully. Some disadvantages are that pulling toward tar-

gets far from the identity can introduce distortion, and such

targets cannot be achieved without a large crop budget. For

examples, please see figure 8 and the referenced video.

3. Windowed L1 stabilization

To handle arbitrary-length videos, we describe a win-

dowing strategy to approximate the solution in linear time

and bounded memory. L1 stabilization models the prob-

lem as a sparse quadratic program that scales linearly with

the frame count, so the memory footprint grows unbound-

edly as the frame count increases. Also, the processing time

grows superlinearly in the number of frames (the majority

of L1 time is spent in an interior-point solver bottlenecked

by an LDL factorization; dense LDL is in O(n3), while

sparse LDL depends on the sparsity pattern: for this prob-

lem, it is roughly quadratic). Therefore, in order to solve in

linear time with bounded memory, we propose a windowed

strategy. Consider a window length lw and stride length

ls < lw (in frames). As shown in figure 9, the strategy is:

1. Set window start to zero: sw = 0.

2. Solve global problem in window [sw, sw + lw).

3. Fix the solution for the first ls frames of the window.

4. Move window forward by ls−3 frames: sw += ls−3.

5. Solve global problem in window [sw, sw + lw) sub-

ject to initialization constraint forcing first 3 frames

of current window to match previous fixed solution:

pt = pfixed
t for sw ≤ t < sw + 3.

6. Repeat (3)-(5) until the current window reaches end of

the video, truncating the final window as necessary.

Step (5) is the crux: with the solution fixed up to frame

sw + 3, we actually wish to find the optimal solution in the

entire range [0, sw + lw) that agrees with the fixed solution

in the range [0, sw + 3). A third-order Markov property

lets us achieve this by initializing only the first 3 frames

of the current window. The intuition is that the past and

future are linked only by derivatives up to third order, so

the effect of all previous frames is only propagated through

derivatives that depend on the previous 3 frames. Details are

in supplement F. With the windowed strategy, the memory

footprint is bounded and equal to the memory required for

a single window; the wall time for an input with n > lw
frames is roughly n× L1 time for lw frames

ls
. See figure 10.

4. Results

Quantitative comparisons: We follow the quantitative

evaluation strategy proposed by [25], comparing stability,

distortion, cropping ratio, and running time metrics as de-

fined in [25] against five representative stabilization meth-

ods. Results are shown in figure 11 and details are in ap-

pendix A.1. Our method has by far the best running time

and is competitive in the other metrics across all categories.

Qualitative comparisons: We provide a collection of L1-

stabilized videos in the supplementary material; details are

in supplement A. One of our main contributions is solv-

ing with homographies (versus affinities as used in [9]),

which allow for keystone (perspective) correction. Videos

described in A.2 demonstrate the superiority of homogra-

phies over affinities in removing residual keystone wobble.

Next, we provide specific comparisons to [9], detailed in
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Figure 10: Time and memory of global versus windowed

L1 stabilization measured on an iPhone XS, using window

length lw = 1800 (= 60s@30fps) and stride ls = 1500 (=

50s@30fps). Global L1 time grows superlinearly and mem-

ory grows linearly in the number of input frames, while win-

dowed L1 time grows linearly and memory is bounded. The

measured windowed L1 time agrees well with the theoreti-

cal time, which is n× L1 time for lw frames
ls
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Figure 11: Stability, distortion, cropping, and running time met-

rics proposed in [25]. Comparisons of our method (L1), with a

10%, 20%, or 30% crop budget, against ‘spatially and tempo-

rally optimized’ (STO) [24], ‘bundled camera paths’ (BCP) [18],

‘geodesic video stabilization’ (homography version) (PG2) [25],

Adobe After Effect (AE) warp stabilizer (based on [16]), and

YouTube stabilizer (based on [9]). We use the dataset provided

in [18] consisting of 174 videos divided into several categories.

For running time, we consider both the total time and smooth-

ing/warping time: L1 total time depends on the input motion anal-

ysis method: pixel-based analysis increases the total time while

inertial sensor analysis (gyro) adds negligible time.

supplement A.3. Since [9] refine the affine solution with

homographies in a ‘residual motion suppression’ step, they

do not suffer from the severe residual keystone discussed

above, but the post-processing step can consume significant

additional crop on top of the fraction allowed in the opti-

mization. Finally, supplement A.5 discusses stabilization of

very shaky videos like wakatipu-l1-affine.mp4. The local

nature of the log approximation might raise concern when

aggressive stabilization is required, but since we control the

correction magnitude through the fidelity objective and crop

and distortion constraints, we avoid making corrections se-

vere enough to invalidate the approximation. A.5 also in-

cludes examples showing the effects of windowing.

Ablation study: An ablation study in supplement A.4

isolates the effects of individual objective terms and con-

straints. We evaluate the effect of the derivative terms, com-

pare different crop allowances, and specifically assess key

innovations relative to [9].

Performance: Timing data is shown in Figure 10. Our

methods runs at about 300fps on an iPhone XS (assuming

inertial sensor measurements for the input path). With win-

dowing, runtime scales linearly in the number of frames.

In A.1.1 table 1, we compare our performance with that of

several alternatives (a superset of those in figure 11); our

method is orders of magnitude faster than the 2.5-3D meth-

ods, and only comparable in performance to 2D methods;

of the 2D methods our goals are most similar to [9]’s.

5. Conclusions, Limitations, and Future Work

Building on [9], we develop a convex optimization-

based video stabilization framework that can create sta-

tionary, panning, and constant-acceleration motions char-

acteristic of professionally shot video, accurately satisfy

a crop constraint, stay close to the original camera path,

and handle salient objects. Our contributions include a

log-homography transform enabling homography modeling

without loss of convexity, a principled linearization strat-

egy for crop and saliency constraints, quadratic objective

terms to encourage fidelity to the input path and possibly

center salient objects, and a windowing strategy that ap-

proximates the solution in linear time and bounded memory.

Limitations of this method include its 2D nature, which can-

not handle depth/parallax but is essential for speed, and the

fact that the model weights must currently be hand-tuned.

In future work, we would like to study data-driven tuning

of the model parameters using professionally-shot versus

handheld videos as labeled data for supervised learning.
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