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Dense SLAM

e Simultaneous Localization And Mapig

* Robotics, Augmented Reality,
Autonomous Driving, Archaeology, etc.

* Sparse SLAM

* Map with sparse features
* Mostly for tracking e i ey /| SRR

* Dense SLAM
e Full 3D model
* Mostly for scanning

Illustration from: Krombach, Nicola, et al. "Feature-based
visual odometry prior for real-time semi-dense stereo Newcombe, Richard A., et al. "Kinectfusion: Real-time dense surface

SLAM." Robotics and Autonomous Systems 109 (2018) mapping and tracking." ISMAR. 2011.



Accelerating Dense SLAM on hardware

GPU

e KinectFusion [1]
* ElasticFusion [2]
* InfiniTAM [3] :

FPGA
» Kalman filter / Feature extraction [4,5]
e Semi-Dense SLAM [6]
* Our work: Dense SLAM (InfiniTAM) on FPGA
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[5] Fang, Weikang, et al. "FPGA-based ORB feature extraction for real-time visual SLAM." 2017 International Conference on Field Programmable Technology (ICFPT). IEEE, 2017.

[6] Boikos, Konstantinos, and Christos-Savvas Bouganis. "Semi-dense SLAM on an FPGA SoC." 2016 26th International Conference on Field Programmable Logic and Applications (FPL). IEEE, 2016.
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INfiniTAM on FPGA
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FPGA architecture specification
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Depth Fusion

Algorithm specification in OpenCL

Input : Depth Map; Visible blocks IDs; Hash table;
TU na ble Pa rameters (knObS) Voxel Buffer; Truncation threshold p

° LOOp _for each visible block ID do

o Fetch block B from hash table
* Work-Items vs. for loop (pipeline) \Erom B, fetch pointer to voxel block in voxel bufer
e # of compute unit duplications » for each voxel V = (:L*?y, z) in ﬂ.w voxel block do
(w, d) < Fetch weight and distance from V
if w > w,,., then continue ;
. ) . (9x, gy, g-) < Calculate global coordinates of V
 Memory caching: automatic / manual (CorCor )  (9us s G2) to camera view
| (i, 7) < Project (c.,cy, c,) into 2D image
D + Get depth at (7, j)
* Unrolling factors if |c. — D| >y then continue ;
. (w’,d") < Calculate new weight and distance
* Placement of conditional Store new voxel V « (w',d’)
. d
* Interpolation od

Etc.



ICP

Input : Depth map; Voxel Map; Normal Map
Initialize H, and V, to 0

for each pixel (x,y) do

Fetch depth D at (x, y)

if D = 0 then continue ;

Peur < Transform D with current eStwnated pose
(i,7) < Project pey, into 2D view

if (i, 7) not valid then continue ;

Raycasting

Input : Mmeax map, Hash table; Voxel Buffer

&P"“’ < Fetch 3D point from Voxel Map at (z, 7)

if pprev not valid then continue ;

Tprew +— Felch 3D normal at (2, )
Calculate H; and V;
ccumulate H; and V; mto H, and V,

end
Save H, and V, into global memory
Output: H, and V,

Tunable
Knobs

if distance(pprcy, Peur) > threshold then ue ;

Fetch start/end depth (Dg, Dg) from Min/Max ma
Convert (Dg, D) to global coordinates (Sg, Eq)
Calculate ray direction (E~ — Se) and norm
while Startine from So. until E~ do
At current point (x,y, z):
/.l a < ReadDistanceUninterpolated() |
if no voxel or no distance then
(z,y,z) += one block size along ray
Continue
else if d > (0 + ¢) then
\ ‘ (z,y,2z) += d along ray; Continue
else if d < (0 + ¢) then
d <— ReadDistancelnterpolated
end
if d <0 then Break ;
end
d < () then
(x.vy.z) += d along ray

(z,y,z) += d along ray
Save (x,y, z) position into Voxel Map
end

end
Output: Voxel Map




Depth Fusion + Raycasting

 Combined algorithm with custom data

structure
SoC Board
/ Shared DDR Memory
i FPGA
l Voxel
i Map
i ARM Tracking (ICP)
i 3D Model
l k (TSDF Volume)

e e e e e e e e e e = —————— T

Input : Depth Map; Visible blocks IDs; Hash table;

Voxel Buffer; Truncation threshold

for each visible block ID do

end

Fetch block B from hash table
From B, fetch pointer to voxel block in voxel buffer
for each voxel V = (z,y, z) in the voxel block do

(g2, gy, g-) < Calculate global coordinates of V'
(€z,cys €2) < (gz, 9y, g-) to camera view
(¢,7) < Project (cy, ¢y, c.) into 2D image
D <+ Get depth at (i, 7)
(w,d) « Fetch weight and distance from V
if w < wpu, or |c. — D| < p then
(w’, d") « New weight and distance
Store new voxel V' «+ (w',d’)
end

d « Fetch distance from V
if |d| < ProjectionMapl[i,j] then
c, — ¢, +d
(z,y,2) + (cz, ey, c.) to global coord.
Save (x,y,z) position into Voxel Map
| ProjectionMapli.j] « |d||
end

end




Implementation

Platforms
e DE1 FPGA SoC board
e DE5 FPGA PCl-e board

Datasets
« TUM (320 x 240)
e Cave (320 x 180)

End-to-end runtime
+ Logic Utilization




Results

Throughput (Hz)
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Desigh Spaces Analysis

LASSO Analysis

Normalized

MSE Coefficients

Throughput

LASSO Paths
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Design # - Sorted by Throughput

Depth Fusion (Min MSE = 0.0075) Raycasting (Min MSE = 0.0010)

Knob Coef Knob Coef

XyzLoop? 0.130 UseWI 0.261

CacheVoxels? 0.067 VoxelClcache? 0.152

CacheVoxels 0.031 Minmax 0.075

XyzUnroll? 0.031 IndexCache,UseWi 0.071

CacheVoxels,XyzLoopFlat  -0.023 HashClcache? 0.055

ICP (Min MSE = 0.0054) Combined (Min MSE = 107)

HessianUnroll N Voot nn2 nres

NablaUnroll Depth Fusion (Min MSE = 0.010)  Raycast (Min MSE = 0.003)

Branch NablaSumty

NablaSumtype Knob Coef Knob Coef

HessianUnroll. Nablfey oo 0.047 Thashl Caches 0130
UseWI 0.116

ComputeUnits,DepthLocal

0,035

EntryidLoop,DepthLocal
Loop implementation / CacheVoxels 0029 Mmmax 0.055
pipelining ICP (Min MSE = 0.007) Combined (Min MSE = 0.0016)
HessianSumtype 0056 XvyzLoop? 0.061

NablaSumtype

Memory CaChing HessianUnroll

NablaSumtype,ShiftRegister

0.054
0.047 LSdilLocal XvzUnroll 0012 |
0.038 ) SdfLocal, XyzFlat 0.012
: XyzUnroll -0.010

Other computation knobs



Google Tango Demo

Server port

Client address

Client port

Feedback

Depth Fusion + Raycasting + ICP
on PCl-e FPGA



Conclusion

* Explored different dense SLAM architectures on FPGA

e FPGA SoC and PCl-e FPGA

* Parameterized algorithms for knob analysis

* Dense SLAM runs on FPGA
- Needs medium-sized FPGA SoC

wal 2

]
s {_ =

g

-

o

ar e N

Depth Fusion (Min MSE = 0.010)  Raycast (Min MSE = 0.003)

Logic Utilization (%)

80 Knob Coef Knob Coef
XyzLoop? 0.047 HashCLCache? 0.152
XyzLoop,DepthLocal -0.039 UseWI 0.116
60 ComputeUnits,DepthLocal -0.039 Minmax 0.088
0 10 EntryidLoop,DepthLocal -0.034 IndexCache? 0.085
CacheVoxels 0.029 Minmax? 0.055
Thro
ICP (Min MSE = 0.007) Combined (Min MSE = 0.0016)
HessianSumtype 0.056 XyzLoop? 0.061
NablaSumtype 0.054 SdfLocal, XyzLoop -0.024
NablaSumtype,ShiftRegister 0.047 SdfLocal XyzUnroll -0.012
HessianUnroll 0.038 SdfLocal XyzFlat 0.012

HessianUnroll,HessianSumtype 0.033 XyzUnroll -0.010

More on GitHub:
https://github.com/KastnerRG/infinitam_fpga




FPGA Architectures for Dense SLAM
i

6DoF Transformation

Tracking (ICP)
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