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® 1. First Esimate Jacobian (FEJ]) < marginalization

= FE]
» o2} estimated state xkol Jacobian = OfftH AASH | ECH A HA KM Y2 Jacobian = 145l
¢ linearization errors = £0|1 consistent covariance estimate S H32
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Ox}; FEJ 6X0
o 271 BkA
¢ void UpdateHelper::
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Original MSCKF
T
_ X = G oph| ... ¢ GpL,| @
24 o q I:'(l o 4q Peoy,
o2, 9-|- 7‘|-0| IMU / Camera pose
s 20| 1 LIE-2 propagation IHEO| B2 MEF OpenVINS
- T
0 O| B2, feature(or landmark) & HA| F5.  x=|x/ xt xi; xp U } (1)
L o|& £dksth i !
: oflME 01 Z3S x; = [l5q7 ©pj, ©v] bl b]] @
m [[F2}A], OpenVINS 0| l= MSCKEF 7|g2I0|X|2t MEHAH O = e o o e 1T
slam feature &= AFES = QA e Xc=|¢ 4 "Pn., " ¢ 4 ’Prk_ﬂ} 3)
s =20 [t2M™ 1) inverse MSCKF, 2) full inverse depthl®,, 3) [x, = [¢p] ... CpT T - 4
—_ ,_ : fl pf'-'n E t ll d lgs)
anchored 3D positionl®l 37|X| & M MEHSHA] AtESr 4~ QUCHE o : N nmonnfen i anT T
Xw = é’l E?T “ p}— CD {3’,,,. gT (..u_.p;l' Cw} (3)
Related Papers )

[1] Li M, Mourikis Al High-precision, consistent EKF-based visual-inertial odometry. The International Journal of Robotics Research. 2013;32(6):690-711. d0i:10.1177/0278364913481251
[2] Li, Mingyang, and Anastasios I. Mourikis. "High-precision, consistent EKF-based visual-inertial odometry." The International Journal of Robotics Research 32.6 (2013): 690-711.
journals.sagepub.com/doi/full/10.1177/0278364913481251

[3] Li, Mingyang, and Anastasios I. Mourikis. "Optimization-based estimator design for vision-aided inertial navigation." Robotics: Science and Systems. Germany: Berlin, 2013.
http://roboticsproceedings.org/rss08/p31.pdf

[4] A. L. Mourikis and S. I. Roumeliotis, “A multi-state constraint Kalman filter for vision-aided inertial navigation,” in Proceedings of the IEEE International Conference on Robotics and
Automation, Rome, Italy, Apr. 10-14, 2007, pp. 3565-3572.

[5]]. Civera, A. Davison, and J. Montiel, “Inverse depth parametrization for monocular SLAM,” IEEE Transactions on Robotics, vol. 24, no. 5, pp. 932-945, Oct. 2008.

[6] M. K. Paul, K. W, ]J. A. Hesch, E. D. Nerurkar, and S. I. Roumeliotis, “A comparative analysis of tightly-coupled monocular, binocular, and stereo VINS,” in Proc. of the IEEE International
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Related Github Issues

1. VIO vs SLAM #279: https://github.com/rpng/open_vins/issues/279

2. environmental landmarks in state vector? #115: https://github.com/rpng/open vins/issues/115

3. Update Types #108: https://github.com/rpng/open vins/issues/108

4. Question: MSCKEF features in update #107: https://github.com/rpng/open_vins/issues/107

KAIST | o : UL

URBAN ROBOTICS LAB



journals.sagepub.com/doi/full/10.1177/0278364913481251
http://roboticsproceedings.org/rss08/p31.pdf
https://github.com/rpng/open_vins/issues/279
https://github.com/rpng/open_vins/issues/115
https://github.com/rpng/open_vins/issues/108
https://github.com/rpng/open_vins/issues/107

BLUE: ScjA/ZH4|

84

Code Analysis

® trackFEATS ZHA| 77HA| 2] EE2RALE

VioManager.h
run_subscribe msckf.c
(const ov_core::CameraData &message) { (message); }
VioManager - -
ROS1Visualizer
ROS1Visualizer > VioManager
> or
IMU / Camera topic
trackFEATS — e - -
TrackKLT or TrackDescriptor feed new camera()

- TrackKLT TrackDescriptor

g 1. Histogram 1. Histogram
2. buildOpticalFlowPyramid | 2. descriptor extraction(FAST)
3. extraction 3. tracking
4. tracking 4. update
(calcOpticalFlowPyrLK)
5. update
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ZIE s 0] L2} AtM|5| 27|

® run_subscribe_msckf.cpp
m sys: VioManager
m viz: ROS1Visualizer

® ROS1Visualizer.cpp

VioManagerOptions params;
params.print_and_load(parser);
params.use_multi_threading_subs = true;
sys = std::make_shared<VioManager>(params);

#1f ROS_AVAILABLE ==
viz = std::make_shared<R0S1Visualizer>(nh, sys);
viz->setup_subscribers(parser);

1
2
3
4
5
6
7

|
[ | IMU tOplC: void ROS1Visualizer::setup_subscribers(std::shared_ptr<ov_core::YamlParser> parser) {
. sub_imu = _nh->subscribe(topic_imu, 1000, &R0S1Visualizer::callback_inertial, this);
» Camera topic ,. pic_inu, 1060, el fer Sl
{
° if (_app->get_params().state_options.num_cameras == 2) {
E’E A AH}\'l A H:|AE auto :Lmage_subo = std::make_shared<message_ﬁlters::Subscr:tber<sensor_msgs::Image»(*_nh, cam_top:Lc(D, 1);
| = — 00O T auto image_subl = std::make_shared<message_filters::Subscriber<sensor_msgs::Image>>(*_nh, cam_topicl, 1);
. = = = auto sync = std::make_shared<message_filters::Synchronizer<sync_pol>>(sync_pol(10), *image_sub®, *image_subl);
VIO \/Ianager EEH AE Al'-g-%l-. sync->registerCallback(boost::bind(&R0S1Visualizer::callback_stereo, this, _1, _2, 0, 1));

sync_cam.push_back(sync);
sync_subs_cam.push_back(image_sub0);
sync_subs_cam.push_back(image_subl);
else {

for (int 1 = 0; 1 < _app->get_params().state_options.num_cameras; i++) {

subs_cam.push_back(_nh->subscribe<sensor_msgs: :Image>(cam_topic, 10,
boost::bind(&R0S1Visualizer::callback monocular, this, _1, 1)));

b
23}
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ZIE S50 e} ZpA|s] 27

® void ROS1Visualizer::

m ros topic = ov_core::ImuData / CameraData
0‘” E-I'g ov_core::ImuData message;

message.timestamp = msg->header.stamp.toSec();
message.wm << msg->angular_velocity.x, msg->angular_velocity.y, msg->angular_velocity.z;

| e

| — . — o EI‘ > message.am << msg->linear_acceleration.x, msg->linear_acceleration.y, msg->linear_acceleration.z;
s D= FHH|2} topic S0 2™ VioManager £ 4Y. |

app->feed_measurement_imu(message);
e ——

| OpenVINS O.”A-lé E"O | E—-I% Zl_-lcél-sl'é %DI-—/l\—_O_l while (!camera_queue.empty() && camera_queue.at(®).timestamp < timestamp_imu_inC) {

double update_dt = 100.0 * (timestamp_imu_inC - camera_queue.at(@).timestamp);

7:' O 1 _app->feed_measurement_camera(camera_queue.at(0));
o1

= O|O|E|S &0l= M= 9|
YHI= &[0US.

std::vector<Eigen::Vector3d> feats_msckf = _app->get_good_features_MSCKF();

sensor_msgs: :PointCloud2 cloud = ROSVisualizerHelper::get ros EDLntc[Duaf?eats msckf);
pub_points_msckf.publish(cloud);

std::vector<Eigen::Vector3d> feats_slam = _app->get_features SLAM();
sensor_msgs: :PointCloud2 cloud_SLAM = ROSVisualizerne per::gef_ros (feats_slam);

pub_points_slam.publish(cloud_SLAM);
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ZIE S50 e} ZpA|s] 27

. traCkFI : ﬁ L I S 7Hi_|| A—I O-I 1 int init_max_features = std::floor((double)params.init_options.init_max_features /
| L L (double)params.state_options.num_cameras);
P Lf (params.use_klt) {
V. M E-E_H A AH A‘IZI-O‘”A‘I A-I O_I trackFEATS = std::shared_ptr<TrackBase>(new TrackKLT(state->_cam_intrinsics_cameras, init_max_features,
[ | 1 state->_options.max_aruco_features,
10 anager E (N e | Sy : params.use_stereo, params.histogram_method,

params.fast_threshold, params.grid_x, params.grid_y,

| El’El‘D | E'l YAML H.l'IOEI 0‘"A‘I E ?——F'l_—. — params.min_px_dist));

trackFEATS = std::shared_ptr<TrackBase>(new TrackDescriptor(
state->_cam_1intrinsics_cameras, init_max_features, state->_options.max_aruco_features,
params.use_stereo, params.histogram_method,
params.fast_threshold, params.grid_x, params.grid_y, params.min_px_dist, params.knn_ratio));

. : camera calibration object which has all camera intrinsics in it

. : number of features we want want to track (i.e. track 200 points from frame to
frame)

. : the max id of the aruco tags, so we ensure that we start our
non-auroc features above this value

. : if we should do stereo feature tracking or binocular

. : what type of histogram pre-processing should be done (histogram eq?)

. : FAST detection threshold

. : size of grid in the x-direction / u-direction, the y-direction / v-direction

. : features need to be at least this number pixels away from each other

. : matching ratio needed (smaller value forces top two descriptors during match to be more
different)
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ZIE S50 e} ZpA|s] 27

.VOid VIOManager" 1 void VioManager::track_image_and_update(const ov_core::CameraData &message_const) {
u CameraData 0-”E 7-| = E Z-"Ql ; trackFEATS->feed_new_camera(message);
5
= Downsampling LLI'E | 2] :
_ 7 ifl(!:lsfirjit:lalizeq_vio){ R .
© 71E It e gy s
double time_track = (r - rTl).total_microseconds() * le-6;
* true (.)_I AL half E ElEE OI'__|_E’IE|O'IOI o PRINT_DEBUG(ELUE "[TIF’IS: E sﬁcﬁnds for tracking\n" FliESET, time_track);
return;
, return
}
= zero velocity update(ZUPT) IIE A2
. 7IE El‘El‘DIE‘I / do_feature_propagate_update(message);
» AA|ot B2, monocular 0| feature triangulation, system update 7} &7[6t22 0|2 40| fE0Ct

SH1,
= [2PA] A 421 12| F0] 67| eh0|A O FZICtL 2H F.
* Feature extraction / tracking / update
* Initialization
* Propagation

For more details about ZUPT, please refer [1] https://docs.openvins.com/update-zerovelocity.html

KAIST 3 R0

URBAN ROBOTICS LAB
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Code Analysis

® trackFEATS ZHA| 77HA| 2] EE2RALE

VioManager.h
run_subscribe msckf.c
(const ov_core::CameraData &message) { (message); }
VioManager - -
ROS1Visualizer
ROS1Visualizer > VioManager
> or
IMU / Camera topic
trackFEATS — e - -
TrackKLT or TrackDescriptor feed new camera()

- TrackKLT TrackDescriptor

g 1. Histogram 1. Histogram
2. buildOpticalFlowPyramid | 2. descriptor extraction(FAST)
3. extraction 3. tracking
4. tracking 4. update
(calcOpticalFlowPyrLK)
5. update
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Feature Tracking 1. Optical Flow

1 void TrackKLT::feed_new_camera(const CameraData &message) {

. VOid TraCkI<LT:: s_tzeft num_images = message.images.size();

or (size_t msg_id = @; msg_id < num_images; msg_id++) {

= * - |
n 0."E |7:-||E/prlnt ML /&E—-"E Z-Ilgl 5 cv::Mat img;
6 f (histogram_method == HistogramMethod::HISTOGRAM) {
requalizeHist(message. images.at(msg_id), img);

| HlStOgram equallzatlon if (histogram_method == HistogramMethod::CLAHE) {
9 ble eqg_clip_limit = 10.0;
(@] Olsl HF7| &2 O|= oA 2 cv::Size eq win_size = cv::Size(8, 8);
e O|D|7\|—| E’E?_I' E_'|7| = T OH OpeHCV o T A|'o 11 cv::Ptr<cv: :CLAHE> clahe = cv::c?eateCLAHE(eq_cli.p_ki.mit‘ eq_win_size);

- =1 = ->apply(message.images.at(msg_1id), img);
© | 0|0|AE FYS} SHE 7|EHol A Y

img = message.images.at(msg_1id);

- SRS 10| UIR| 7|#H0| EEHE|0] Q= CLAHE
4rAlS £ 71|12 2|20

- 7|2 mtato|g

std::vector<cv::Mat> imgpyr;
cv::buildOpticalFlowPyramid(img, imgpyr, win_size, pyr_levels);

= Image pyramid 23 nabyramdicurr{cm 4] = tagpyrs
. = cv::Size(15, 15) }
® = 5 if (num_images == 1) {
feed_monocular(message, 0);
© 23| Ciuto] 1Y5(0] S (Why?) 1 fead staractimesare, 8, D7
o (CH2 YZERIOME 21x21,3 AFE. Y& =F2BIE 4 0|4 £ R T TR S
=7t girta gt

}

s FHH2} 22, Jl40f 2t SHALR
std: :exit(EXIT_FAILURE);

* monocular / stereo
* binocular: M2 CtE FHH|2}

[1] https://opencv-python.readthedocs.io/en/latest/doc/20.imageHistogramEqualization/imageHistogramEqualization.html
[2] https://github.com/CMU-Perceptual-Computing-Lab/openpose/blob/master/include/openpose_private/tracking/pyramidallLK.hpp
[3]%{5T’Pyramidal implementation of the lucas kanade feature tracker.” (1999). http://mobots.stanford.edu/cs223b04/algo_tracking.pdf ml
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https://github.com/CMU-Perceptual-Computing-Lab/openpose/blob/master/include/openpose_private/tracking/pyramidalLK.hpp
http://robots.stanford.edu/cs223b04/algo_tracking.pdf

Feature Tracking 1. Optical Flow

vold TrackKLT::feed_new_camera(const CameraData &message) {

. VOid TraCkKLT:: size_t numj‘.lﬁage = megsage.Lme;gé;.sizé( N

for (size_t msg_1i O; msg_id < num_images; msg_id++) {

[ | 0'"E‘I % / prlnt - / }AE.'" C Z‘”Q.l :Mat img;

I (thToq method == HistogramMethod: :HISTOGRAM) {

. ] ] alizeHist(message.images.at(msg_1id), img);
| HlStOgram equallzatlon 8 else if (histogram_method == HistogramMethod::CLAHE) {
_clip_limit = ,.0,
° ||:|| |0| ols} gt |§ O=H ol-A |._9_ 10 cv::Si g_win_si cv::Size(8, 8);
O 7‘ — EE |_|- E.17 = TI1° OPQHCV A 11 cv s -v: :CLAHE> clahe = cv::createCLAHE(eq_clip_limit, eq_win_size);
Z45ll ninlzI=2 T0l=l =1L 39Ikd 24101 HEAI clal -fdpply(mf’f-qa&le images.at(msg_id), img);

std::vector<cv::Mat> imgpyr;
cv::buildOpticalFlowPyramid(img, imgpyr, win_size, pyr_levels);

parallel_for 2 OpenCV Of|M &5t HEX2|&t4.
HE

Cmake S410]| T2t H-B5Hs BIHR| 233t YAS MO 2 AG 715

img_pyramid_curr[cam_id] = imgpyr;
https://docs.opencv.org/3.4/d7/dff/tutorial how to use OpenCV_ paralle
1 fOI‘ html .I w.,-'r.(rluln]_i,mages == 1)L{

nocular(messa

H
use_stereo) {

parallel_for_(cv::Range(@, (int)num_images), LambdaBody([&](const cv::Range &range) {
for (int 1 = range.start; i1 < range.end; i++) {
feed_monocular(message, 1i);

n FIH[2} S5, 70l L2f AR
* monocular / stereo
* binocular: M2 CtE FHH|2}

[1] https://opencv-python.readthedocs.io/en/latest/doc/20.imageHistogramEqualization/imageHistogramEqualization.html
[2] https://github.com/CMU-Perceptual-Computing-Lab/openpose/blob/master/include/openpose_private/tracking/pyramidallLK.hpp
[3]M<FST’Pyramldal implementation of the lucas kanade feature tracker.” (1999). http://robots.stanford.edu/cs223b04/algo_tracking.pdf ml
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https://opencv-python.readthedocs.io/en/latest/doc/20.imageHistogramEqualization/imageHistogramEqualization.html
https://github.com/CMU-Perceptual-Computing-Lab/openpose/blob/master/include/openpose_private/tracking/pyramidalLK.hpp
http://robots.stanford.edu/cs223b04/algo_tracking.pdf
https://docs.opencv.org/3.4/d7/dff/tutorial_how_to_use_OpenCV_parallel_for_.html
https://docs.opencv.org/3.4/d7/dff/tutorial_how_to_use_OpenCV_parallel_for_.html

1 void TrackKLT::feed_monocular(const CameraData &message, size_t msg_id) {

Feature Tracking 1. Optical Flow [ESE—_—

® void TrackKI. T::

= feed_stereo() 2 left right QIEABHA] 2{2|5t=
8t A0|6t B 2 monocular 2 T EZ|H.
n 2P|E / printE AL

pts_left new, cam id, cam id, mask 1l):

RESET);

m Good feature 7} 8= 42 2|2 extraction St
Aoz =7|s}

@ || (int)pts_left_new.at(i).pt.x >= img.cols

= (F=49)
QE fea.ture eXtraCtion. >.masks.at(msg_id).at<uint8_t>((int)pts_left_new.at(i).pt.y, (int)pts_left new.at(i).pt.x) > 12
= (2349) O & tracking. o | e

» calcOpticalFlowPyrLK 7} 0{7| QtO{|M =&
s B mask & 0|8. &= O|0|A|Z iteration
St 3|=6t= Keypoint & &0}
FeatureDatabase §H|0|E

left.at(i).pt.x, good_left.at(i).pt.y,

KAIST 12 R0
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Feature Tracking 1. Optical Flow

® void TrackKI T::
s 2P|E / printE AL

= 1. parallel_for AFE. left=0, right=1 O|B 2 T HE|H loO=
cv::Range(0, 2)E ofER Y61 HZO[7IHA

Oz sttt
m IESE tracking & ZfQF/2H0f| Lol 22

|.

m 2. ZOH/ROM0|A B2 EQIE M. left=i, right=

= 3. id, Keypoint et I,
. 1. 9F R0 C} Y= AHE
o 2. 21202t = 2 (mono feature)
© 3. QERT QU %

AR EOE.

KAIST

or<cv::KeyPoin
cv::KeyPoin

or<cv::KeyPoin
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Feature Tracking 1. Optical Flow

® void TrackKILT::
s £ 55 Floll AFEolA| 8= 5= A
* O[O[R| &5IEH2 10 pixel = A2
* Downscale Of|A 22 E20i| sl{Eol= £ A2l
» J2|E AHLtelA Ho|L= &5 A2

fﬂ HH [7] SIS SH= 2102 HO|= "*OIOHE
MD'

° ORA[Ef2 2 sli'gst= O|0|A|0f| AR eis. (Why?)

KAIST 14
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}

1t0++;
1tl++;

(float)mi
/ (float)mi

X + min_px

n_px

dist

float )min

- min_px_di




Feature Tracking 1. Optical Flow

®void TrackKLT::
n H ol feature 0| {2 L1 2| 2.
o Z|A 20702} 0.5 * num_features = Z|&=ZFO = MEH,
. = Off A 20| E

YAMIL, 0." II|- |. Jk-|1-|
= VioManagerHelper.cpp LN#124

« 12|20 5l feature £5 71A| 1
Grider GRID :perform_griding() 2
* 9 cv::goodFeaturesToTrack() X Y=X[?

® void TrackKI.T::
o HH|HQI WAL SUBHO] 20t > POt £O2 AU,

= Zt0| 42 2IOH0|A| Point & Z2 AL
calcOpticalFlowPyrLK() 2

~N

KAIST 15
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Feature Tracking 1. Optical Flow

® void TrackKLT:

.push_ba

» KLT Tracking O| O|R0{X|= <.
m Point 7 1071 0|21 A2 RANSAC O| {ELCtL
OIS return
« O] HIA L= point 1074 SR it
0ITIO2 Ol Ol mask 81O | I e e e e
ALt QM HI 2 return £|ES E|0-| A=, ‘ | |
= calcOpticalFlowPyrLK 3 & 2.2 0|0|Z|0f|A{Q]
Point 2 RANSAC (outlier rejection) 24

= RANSACA| oth 2 AMEOH0]
pixel H?{Z rejection O] E|=5 2. 5 ol o el o - 0 coer-co .o 1) 5o X0, 0 o e vt ) -ae UL D
) & mask_rsc[i]) 7 1
KAIST 16
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Feature Tracking 2. Descriptor

®void TrackDescriptor:

s Descriptor 242 KLT Tracker 2 22| Pyramid & AHR5}IA| 428 2, feed_<cameraType>() O
HE2 40| A histogram equalization $=34.

®void [rackDescriptor::
| LS 23 £
= Descriptor 0|22 cv::Mat o= HaT} )
20l 2 ARSE.

1 void TrackDescriptor::feed_new_camera(const CameraData &message) {

size_t num_images = message.images.size();

if (num_images == 1) {
feed_monocular(message, 0);

} else if (num_images == 2 && use_stereo) {
feed_stereo(message, 0, 1);

} else if (luse_stereo) {

parallel_for_(cv::Range(0, (int)num_images), LambdaBody([&](const cv::Range &range) {
for (int 1 = range.start; i < range.end; i++) {
feed_monocular(message, 1i);

I
)
} else {
std: :exit(EXIT_FAILURE);

KAIST 17 =L
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td: :vector<cv: :KeyPoint>

Feature Tracking 2. Descriptor

1 void TrackDescriptor::perform_detection_monocular(
cv:

®void TrackDescriptor:
OF2E7HA| 2 feature extraction 2.
O £¥.(<> | o s, ot s

m Grider FAST::
Grider_GRID:perform_griding()) :

OpenCV 2| ORB extractor A&
Downscale 510 feature=7|2| 7FLA| R 22| S

grid_y, threshold, true);

cv::Mat desc@_ext;
te(img0, ptsO_ext, descO_

img@.cols || y < @

<0 || x >=

size.height || x

2212 monocular() 2} €.
s

Ciok zfoh-f —?—0* AHO|Off
matching 2. (KLT 2f ORIV £)

(grid_2d.at<uint8_t>(y_grid, x_grid) > 12

Wi (int)i));

at<uint8_t>(y_grid, x_grid) = 255;

UL
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Feature Tracking 2. Descriptor |

idl, s

std: :vecto d g Matc matches@tol, matcheslto®;

®void TrackDescriptor:

n UHFAOI descriptor 24 2] tracking. 2 romst ratt e
o | AQl O|ZLHEO|L} HE} BIAIQ| F1540| OfEHA| : c
il —rile) obUst. synnett (matchesstol, mat 9 hes_good );

oT =L
m 0| KLT Tracker 2} OFZ7FA| 2 RANSAC
7|8IO 2 outlier rejection 424,
M E A5} optical flow
HIAHLCE HE}EFO[ESHA| outlier rejection €.
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Visualization

® use_klt: true / false
® num_pts: 150 -> 200
® 0| mZti[H 5 5

No Image No Image

KLT Tracker Descriptor

KAIST 20 =L
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Discussion / Future Works

O ML} =T L2 E=

— =Ll

s TODO for next week seminar
® extraction O|A| index 2| 5= B&
® Grider GRID, Grider FAST Al
® Optical flow 241} Descriptor #f4|2] = 2}0|

m A2 initialization O| AHA| 2|11, MHIAO]| feature =7} A10| .

= ov_eval 2 20| 2E35l{A d5 HI7IE sl|E20t= E0rH Y.
® RViZ A|Zte}0f| M feature tracking A|lZ2lol= OIE
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Appendix

®void |
TrackDescriptor::perform_detection_stereo() ,_ B
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