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U  Simulator Sickness

I ISimulator sickness= more or lessof the following symptoms (can
sometimes occur with prolonged stay in light simulators / virtual
environments):

I 'TNausea (ncluding vomiting ), eye strain, dizziness, drowsiness, blurred vision,
headache, fatigue

I ICauseis not entirely clear

I 'Common hypothesis: inconsistent sensoryinput to brain (e.g.,
mismatch between vision and vestibular organ (organ for equilibrium ))
I''E.g., when staying below deck for a prolonged time
I'TIn light simulators with latency between motion of platform and rendering

I 'Frequency: occurs with 20-40% of jet pilots

-I'Occurs more frequently with experienced pilots than novices [sic]

| |Other observations with mismatching sensoryinputs:

-I'In a rotating "eld when walking forward, people tilt their heads and feel like they are
rotating in the opposite direction

-I'lf a person is walking on a treadmill holding onto a stationary bar and you change

the rate the visuals are passing by, it will feel to the person like the bar is pushing or
pulling on their hands
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W Latency (Lag) ¥ i

VR =

e ]

I 'De"nition: Latency = duration from a user's action (e.g., head

motion) until display shows a change caused by the user's
action

I 'Some human factors;

Latency ( msec) Effect on the user

5 Noticeable

30 User performancedecreases (and possiblysimulator sicknes}
500 Immersion vanishes (and probably presence)

Note: a user's head can rotate by as much as 1000 degrees/sec !
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I I'The latency pipeline:

60-240 Hz 20 Hz 60-120 Hz 60-120 Hz
m
c 2 a—
) S | Application
Trackingt ® | _ o ) Video
D/\/ System Filter Comm. main Renderer hardware
I N - - ()
~10 10 E 2 50 0-16 16 msec

I 'Types/causes of lag:

I 'Internal to devices
I I'Transportation of data over communication channel (e.g., Ethernet)

I ISoftware (time for processing the data)
I ISynchronization delay
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Y  General Strategies for Solution

®

| | GerSt-Server-App-Kommunikation:

I 'Put device and server
into continuous mode

I'ISend "keep alive" messages
from client to server

I Do time-critical computing :
I TEach and every module of the app

receives a speci'c time budget

I 'TModule tries to compute a usable(!)
partial solution as good as possible
within the time budget

I IStop when time is up

device

e e e ]

 CG =
VR =

() Buffer) Server () Buffer) App.

App. Server Device

fetch

render

I I'Try to predict user/tracker position in x msec's time
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Y  Sourcesof Latency During Rendering

®

I I Classical graphics pipeline (parts of it):

' CG =
VR X

Head __ , j Scene graph E .
00S & o Transform traversal | Pixel scan
Culling @ |
oop -
3| 2
- | Viewport E S Main
Clipping ‘| mapping fg g @
o G
Lo m
I TLatency: | DAC RGB
e (V)]
render
display
I l'ldea for improvement: render more than just the viewport
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U  Viewport-Independent Rendering

e

I lConceptual idea:
I 'lRender the scene onto aspherearound the viewer ! spherical viewport

LTIf viewpoint rotates: just determine new cutout of the spherical viewport

I ' Practical implementation:

I'TUse cube as a viewport around uset,
instead of sphere 4

I I'This was also one of the motivations
to build Cave's
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,f'. CG %=
VR =
1 i I .
- New plpellne ' Head orientation
Scene graph i Locate Viewlport
traversal i pixel mapping Pixel scan
Main \
Head _| Transform loop !
position |
E E Main
. . o 3 = loo
Classi"cation Clipping < ° P
c 3]
o ©
LL m
 |Anti-Aliasing DAC RGB
N !
S
| I'Latency: @
render
display
—>
©
©
2
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Y  Multi-Threaded Rendering and Image Composition

®

I lConceptual idea:
I TEach thread renders only its "own" object in its own framebuffer
I''Video hardware reads framebuffer including Z-buffer

I 'image compositor combines individual images by comparing the Z
values of corresponding pixels

! I In praCtice: Display Mem 0 Display Mem | Display Mem n
,/' '\‘ rd - .\‘ rd - .\‘
. . .
I T'Partition set of objects ﬁ H - . |
I 'TRender each subset on one PC | i\ |/‘ ]| .
N L SN H S o S
‘/' V f ™~
Final
Image
! Y,
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Another technique: Prioritized Rendering

I lObservation: images of objects far away from viewpoint (or slow
relative to viewpoint) change slowly

| l'ldea: render onto several cuboid viewport "shells" around user

I 'Fastest objects on innermost shell, slowest/distant objects on outer shell
I 'Re-render innermost shell very often, outermost very rarely

I 'THow many shells must be re-rendered depends on:

I 'lFramerate required by application /
I 'Complexity of scene 7
| ISpeed of viewpoint L///

I 'Speed of objects (relative to viewpoint)

I 'THuman factors have inluence on priority, too:

I 'THead cannot turn by 180j in one frame B»
objects "behind" must be updated only rarely

I 'Objects being manipulated must have highest priority
I 'Objects in peripheral "eld of vision can be updated less often
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Constant Framerate by " Omitting "

| 'lReasons for aconstant framerate:

I I'Prediction in predictive!ltering of tracking data of head/hands works only,
if all subsequent stagesin the pipeline run at aknown (constant) rate

1 Jumps in framerate (e.g., from 60 to 30 Hz) are very noticeable (called
stutter/judder)

I 'Rendering is " time-critical computing":

I 'TRendering gets a certain time budget (e.g., 17 msec)

I 'TRendering algorithm hasto produce animage "asgood as possible"
I I'Techniques for " omitting" stuff:

I ILevelsof-Detail (LODS)

I TOmit invisible geometry (Culling)

I 'lmage-basedrendering

I 'TReducethe lighting model, reduce amount of textures,

Il ?
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U The Levelof-Detail Technique

L2008

e

I TExample: do you seea difference?

I lldea: render areduced version of the object, where the amount
of reduction is chosen such that userscan't seethe difference
from the full -resolution version
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| I De"nition:
A level-of-detail (LOD) of an object is a simpli"ed version,
l.e. that haslesspolygons.

I I'The technique consists of two tasks

1.! Preprocessing for each object in the scene, generate k LODs

-I' Forinstance, we generate LODsat 100%, 80%, 60%, ..., of number of polygons of
original model

2. Runtime: select"right" LOD, make switches between LODsunnoticeable
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W  Selection of the LOD

®

LOD |
| IBalance visual quality against "temporal quality”
| I Static selection algorithm: 100% 50%  30%
IlLeveli for a distance range (d;, dj11)
I 'Depends on FoV

I 'Problem: size of objects — ll l H
< dp >

IS not considered

I 'For some desktop applications,
e.g. terrain rendering,
this can be suf'cient:

Different LOD on terrain tiles

G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering 14



eeeee

I 'Dynamic selection algorithm:
I TEstimate size of object on the screen

I TAdvantage: independent from screen resolution,
FoV, size of objects

I TLOD depends on distance automatically
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U  Estimation of Sizeof Object on the Screen

I 'Naevemethod :

I'TCompute bounding box (bbox) of object in 3D (probably already
known by scenegraph for occlusion culling)

I I'Project bbox onto 2D B»8x 2D points
ITCompute 2D bbox (axis aligned) around 8 points
| | Better method :

I TCompute true areaof projected 3D bbox on screen
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W  1deaof the Algorithm T

I I Determine number of sidesof 3D bbox that are visible:

I 'Project only points on the silhouette (4 or 6) onto 2D:

I ICompute areaof this (convex!) polygon
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Implementation

| 'For each pair of (parallel) box sides(i.e., each slab):

classifyviewpoint with respectto this pair into "below", " above",
or "between"

I 1Yields 3x3x3 = 27 possibilities
I'TIn other words: the sidesof a cube partition spaceinto 27 subsets

I TUtilize bit-codes (" la out-codes from clipping ) and a lookup-table
I1YieldsLUTwith 26 entries (conceptually)

I 127-1 entries of the LUTIlist each the 4 or 6 vertices of the silhouette

I I'Then, project, triangulate (determined by each casein LUT),
accumulate areas

G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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U  Psychophysiological LOD Selection k

I lldea: exploit human factors with respect to

visual acuity:
I ICentral / peripheral vision: .-

g (1Bb)icr | 5
k1 —
1 , sonst tq
"
I 'TMotion of obj (relative to viewpoint): ____________ tl@
_Ago—b2
k2 — € 2

I 'Depth of obj (relative to horopter):

__lpg—¥l—b3
k3 — 3
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I | Determination of LODs:
11k =min{k}-ko, oder k=]]k-k
2.V M'min — 1//(

3.! Select levell such that

VPEP/”’(P)mein

where P is the set of polygons of level | of an object, and r(p) = radius
of polygon p

I 'Do we need eye trackingfor this to work?
I 'Disadvantages of eye tracking: expensive, imprecise," intrusive"
I 'Psychophysiology: eyes always deviate < 15; from head direction

I1So, assume eye direction = head direction, and choose bj= 15;j

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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®

Reactivevs. Predictive LOD Selection

| 'ReactiveLOD selection:
I 'Keep history of rendering durations

| TEstimate duration Ty for next frame, based on history

I''Let Tp = time budget that can be spent for next frame

-I'Usually constant, e.g., 16 msec for 60 Hz framerate
LHf Tr > Tp : decreaselLODs (use coarser levels)
LHIf Tr < Tp: increase LODs ('ner levels)
I I'Then, render frame and record time duration in history

| 'Reactive LOD selection can produce severe outliers

G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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®

Predictive LOD Selection

[Funkhouser &Sequin]

I 'De"nition object tuple (O,L,R):
O = object, L = level,
R = rendering quality (#textures, #light sources, E)

| Evaluation functions on object tuples:
cost(O,L,R)
bene"t(O,L,R)

| |Optimization problem:

"nd

under the condition

where

G. Zachmann

Virtual Reality & Simulation

= time needed for rendering
= "contribution to image"

max benebtQ, L, R)
> (O,L,R)" S!

T, = costO,L,R) ! T,
(O,L,R)! S

S={ all possible object tuples in the scene }
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®

I ICost function depends on:

I 'TNumber of vertices (# # coord. transforms + lighting calcs+ clipping)

I ISetup time per polygon

I TNumber of pixels (scanlineconversions, alpha blending, texture fetching,

anti-aliasing, Phong shading)

I 'Theoretical cost model:

Cost(O, L, R) = max

- C1&Poly + Ca/ert
CiPixels

| | Better determine the cost function by experiments:

Render a number of different objects
with all different parameter settings
possible

G. Zachmann Virtual Reality & Simulation WS  November 2015

t A

P
-
-
-

# polygons

Real-Time Rendering

23



eeeeee

I IBene"t function: "contribution" to image is affected by

. . n C
| 1Size of object 41! oS ! Rat
|IShading method: ~ RenderingD,L,R) =, 1! & Gourau
$ c
1! = ,Phong

I IDistance from center (periphery, depth)
I'"'Velocity (similar to psychophysiological LOD factors)
I 'Semantic "importance" (e.g., grasped objects are very important)

I 'THysteresis for penalizing LOD switches:

Hysterese@, L, R) = 1+|tl! Ul 1+|I;2! RY|
I I'Together:
BenebtQ, L, R) =Size(O)&RenderingD, L, R) a
ImportanceQ) &! CenterQ)
Vel(O) &Hysteresi€D, L, R)
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I lOptimization problem = multiple-choice knapsack problem
# NP-complete

I l'ldea: compute sub-optimal solution :
I TReduceit to continuous knapsackproblem (seealgorithms clasg
I ISolve this greedily (with one additional constraint)

I'De"ne

benebtQ, L, R)

VaIUeO; L, R) = COSt(O L R)

I ISort all object tuples by value(O,L,R
I'TChoose the "rst k tuples until knapsackis full

I'TAdd'l constraint: no 2 object tuples must represent the same object

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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I TIncremental solution:
I'1Start with solution (O1,L1,R1),...,(On,Ln, Rn) asof lastframe

1
Zcost(oi, Li,R) ! max. frame tim

then "nd object tuple (O, Ly, R¢) .
such that

valueQy, Ly + a, R¢ + b) — valueQy, Li, R¢) = max
and

cost(O, Li, Ry) + cost(O, Ly + a, Rc + b) ! max. frame tim
iEk

IlAnalog, if  cost(©O;, L, R) > max. frame tim
i
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Start
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Y performance in the example scenes

Start

1.0 0
0 a
@ <
1] €
-y ~4
= P
0.0 — ] 0
0 Ft.ms‘ . 250 0 'F’x‘amas. 2590
a) No detail elision. b) Siatic algorithm,
0.2 0.2
)
A WN'"M A —
E
-
|2
0 0
Q Frames . 250 0 . Frames 250
c) Feedback algorithm. d) Optimization algorithm.
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28



Optimization, 1,389 polys,
0.1 sec/frame target frame time

No detail elision, 19,821 polygons

Level of detail: darker i
gray means more detalil

® G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering 29
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Problem with Discrete LODs

.

e

I 1"Popping” when switching to next higher/lower level

1.!Simplest solution: temporal hysteresis (reduces frequency of pops)

3.!Continuous, view-dependent LODs using progressive meshes

2.!Alpha blending of the two adjacent
LOD levels ("Alpha-LODs"):

I 'Instead of switching from level i
to i+1, fade out level i until gone,

at the same time fade in level i+1

I"Man kommt vom Regen
in die Traufe"

I''Don't use them !

G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering 34
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W ProgressiveMeshes

I'TA.k.a. Geomorph-LODs

I'IInitial idea/ goal:
I 1Given two LODsM; and Mj;1 of the same object
I IConstruct mesh M' "in-between" M; and Mi;1

I'1In the following , we will do more

I De"nition: progressive mesh = representation of an object,
starting with a high-resolution mesh Mg, with which one can
continuously (up to the vertex level) generate "in- between™

meshesranging from 1 polygon up to Mg (and do that extremely
fast).

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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WY  Construction of ProgressiveMeshes

<n

I I Approach: successivesimplilcation , until only 1 polygon left

I I'The fundamental operation : edgecollapse

%

A% -

I 'TReverseoperation = vertex split

I 'Not every edge can be chosen: bad edge collapses

A

vay,

polygon overlap

® G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering 36
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®

I I'The direction of edge collapsesisimportant , too:

I lIntroduce measure of edge collapsesthat evaluates " visual effect"
I 1Goal: "rst perform edge collapsesthat have the leastvisual effect

| 'TRemark after every edge collapse, all remaining edges need to be
evaluated again, becausetheir "visual effect" (if collapsed) might
be different now

G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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I lEvaluation function for edge collapsesis not trivial and, more
Importantly , perception-based!

I 'Factorsinluencing "visual effect":
I ICurvature of edge / surface
I'ILighting , texturing , viewpoint (highlights!)

I 'Semanticsof the geometry (eyes& mouth are very important in faces

| lExamplesof a progressive mesh:

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering 38
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4§

- ¢
Wj) ¢ oo
VR

A

| 'Representation of a progressive mesh:

ecol,, 4

ecol
M= M1 e S VI
vsplit,,_4 vsplit, vsplit,
I IM! = i-th re"nement = ecol
1 vertex more than Mi-1
| IRepresentation of an “Vsplit

edge collapse / vertex split:
I TEdge (= pair of vertices) affected by the collapse/split
I I'Position of the "new" vertex

I I'Triangles that need to be deleted / inserted

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering 39
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Y  Examplefor a Simple Edge EvaluationFunction

I I Follow this heuristic:
I 'Delete small edges "rst

I 'Move vertex U onto vertex V, if surfaceincident to U has smaller
(discrete) curvature than surface around V

I A simple measure for an edge collapse from U onto V:

costU,V) = ||U — V| &urvU)

curvlU) = 2 1! minmaxn; &,

F(U) =12
Voo ni RU) = set of all faces incident to U,
____________ U but not to V

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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Il '/Remark

cost(U, V) E cost(V, U)

I TExample:

Low visual
disturbance

ORIGINAL

- '

High visual
disturbance

G. Zachmann

—>
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U  Demo

[ 000 QSlim Surface Simplification 000 QSlim Surface Simplification

File View Simplify Models File View Simplify Models

[original: 100000v/199114f Current: 43896v/87034f \ [original: 2154v/4204f Current: 2154v/4204f

[Michael Garland: Qslim]

How can the Funkhouser-Sequin algorithms | \\
be combined with progressive meshes? W
And implemented on the GPU??
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U Digression: Other Kinds of LODs £

I lldea: apply LOD technique to other non-geometric content
I''E.g. "behavioral LOD":

I ISimulate the behavior of an object exactly if in focus, otherwise
simulate it only "approximately "
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Culling in Buildings ( Portal Culling)

I lObservation: many rooms within the viewing frustum are not
visible

I'lldea:
I I'Partition the VE into "cells"

I 'Precompute cell-to-cell-visibilityB»visibility graph

G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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I 'During runtime, "lter cells from visibility graph by viewpoint and
viewing frustum:

G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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U  State Sorting Sk

®

| I State in OpenGL rendering = @
I''Combination of all attributes

| 'TExamples for attributes: color, material, lighting parameters, number
of textures being used, shader program, etc.

I TAt any time, each attribute has exactly 1 value out of a set of possible
attributes (e.g., color A«{ (0,0,0), E, (255,255,255) }

| I State changes are a serious performance killer!

s T -

Matrix stack Lighting Texture Shader program
modi"cation modi"cation modi"cation modi"cation

I lGoal: render complete scene graph with minimal number of state
changes

I 1" Solution™: pre-sorting
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®

S

' CG e
VR X

I I Costs of state changes [2014]:

Render target
Shader ~300K /' s
ROP

Texture binding

Vertex format
Uniform buffer
Vertex binding

Uniform updates

Not to scale!
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I 'Problem: optimal solution is NP-complete

I I'Proof:

I TEach leaf of the scene graph can be
regarded as a node in a
complete graph

I I'Costs of an edge = costs of the
corresponding state change
(different state changes cost
differently, e.g., changing the
transform is cheap)

I 'Wanted: shortest path through graph

" Traveling Salesman Problem

Scenegraph
leaf

1st part of the
state: e.g., light
source

Last part of
the state:
e.g., material

I 'Further problem: precomputation doesn't work with dynamic

scenes and occlusion culling

@ G. Zachmann Virtual Reality & Simulation WS  November 2015
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Y Introducing the Sorting Buffer

I lldea & abstraction:
I I'For sake of argument: just consider one kind of attribute ("color")

I lintroduce buffer between application and graphics card

-I'(Could be incorporated into the driver, since an OpenGL command buffer is
already in place)

I I Buffer contains k elements

I 'With each rendering step (= app sends "colored element" to
hardware/buffer), perform one of 3 operations:

1.!'Pass element directly on to graphics hardware; or,
2.!Store element in buffer; or,

3.IExtract subset of elements from buffer and send them to graphics hardware

Sequence of objs Buffer for state sorting Graphics hardware
L X N NS EEE=—N N N

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering 49
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®

W Online Algorithms g

' CG e
VR

I I'There are 2 categories of algorithms:

I1"Online" algorithms : algo does not know which elements will be received
in the future!

I1"Ofline" algorithms @ algo doesknow elements that will be received in the
future (for a fair comparison, it still has to store/extract them in a buffer,
but it can utilize its knowledge of the future to decide whether to store it)

I 1In the following, we consider wlog . only the "lazy" online strategy:
I TExtract elements from the buffer only in case of buffer overlow

I 'lBecause every non-lazy online strategy can be converted into a lazy online
strategy with same complexity (= costs)

I 'Question in our case: which elements should be extracted from the
buffer (in case of buffer overlow), so that we achieve the minimal
number of color changes?

G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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Y  Competitive Analysis

I IDe"nition c-competitive:
Let Coi (K) = costs ofoptimal ofline strategy,
let Con(K) = costs ofsomeonline strategy,
cost = number of color changes, k = buffer size.

Then, the online strategy is called " c-competitive" iff
Con(k) = c&o (k) + a
where a must not depend on k (c may depend on K).

The ratio

ConlK) |
Cor (K)

IS called the competitive-ratio .

C

I 'Wanted: an online strategy with c(k) as small as possible
(i.e., c(k) should be in a low complexity class)

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering
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&
& Example: LRU strategy (Least-Recently Used)

S

I I'The strategy:
I 'Maintain a timestamp per color ( not per element!)

I 'When element gets stored in buffer #
timestamp of its color is set to current time

-I'Notice: timestamps of other elements in buffer can change, too

I IBuffer overlow B»extract elements, whose color has oldest timestamp

| IThe lower bound on the competitive-ratio: .Q(\/E)

I 'Proof by example:

11Set m= v k—1 wlog. m is even
I 'lChoose the input (Cl I mekcl U Cmyk) 2
|1 Costs of the online LRU strategy: (m + 1) &&7 color changes

I ICosts of the ofline strategy: 2m color changes,
becauseits output is= (x*y¥)2c" 444"
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Y TheBounded Waste & the Random Choice Strategy

I Tdea:
I''Count the number of all elements in buffer that have the samecolor
I TExtractthose elements whose color is most prevalent in the buffer
I lIntroduce waste counter W(c) :
I TWith new element on input side: increment W(c), ¢ = color of new element
I 'Bounded waste strategy:
I TWith buffer overlow , extract all elements of color ¢, whose W(c') = max
| |Competitive ratio (w/o proof): O logf k
I 'Random choice strategy:

I 'TRandomized version of bounded waste strategy

I''Choose uniformly arandom element in buffer, extract all elements with
same color (most prevalent color in buffer has highest probability )

I 'Consequence: more prevalent color gets chosen more often, over time each
color gets chosen W(c) times
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“TJ :
Y The Round Robin Strategy

S

I 'Problem: generation of good random numbers is fairly costly

I 'Round robin strategy:
I 'Variant of random choice strategy
I''Don't choose arandom slot in the buffer,
I linstead, every time choose the next slot

I 'TMaintain pointer to current slot, move pointer to next slot every time a
slot is chosen

@ G. Zachmann Virtual Reality & Simulation WS  November 2015 Real-Time Rendering 54
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state ¢h

anges

Comparison

I I'Take-home message

I TRound-robin yields very good results

(although /and it is very simple)

I "'Worst casedoesn't saytoo much about
performance in real-world applications

45000 - :
40000 b -
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v\-\ -~ MCF
35000 Q RR |
\/\/W \\ / \\ ‘/‘V\ J\ \
/ A \
30000 H \,.V/\’ (;“ \ \/ \ /
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I lObservation: left & right image differ not very much

I l'ldea: render once for right image, then move pixels to
corresponding positions in left image B»image warping

I'1 Algo: consider all pixels on each scanline from right to left,

draw each pixel k at the new x-coordinate

| € Ly
X, = X+ —

Lz, + 7o

I = pixel width

| IProblems: O O@ 5 O
I lUp-vector must be vertical ? |
| 'Holes!
Il Ambiguities & aliasing | “
| IRelections and specular @ e @

highlights are at wrong position
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Y  Stereoscopic Image Cloning (Stereo without 2x rendering) 9
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w Reducing Latency by Image Warping g

VR =

O .
I'TA nasve VR system: Tracking | 10 <T4_ Display
system (e.g. HMD)
User T,
T
-
Appl. 2
(Simul) Renderer

I'I Latency in this system (stereo with 60 Hz B»display refresh = 120 Hz):

16.6 ms N |t
A | New appl. frame
- L LRy L Ry | | | | | | | { | L.
Display | | | | | | | | | | | | | | >
[
[
Tracker Application (Si Renderer waplock
System | : PP (Simu) : S{ p >
H_/\ —~ A — /\W_}
10 ms 30 ms 50 ms 8 ms
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VR

I 'Problems / observations:

I'I'The appl. framerate (incl. rendering) is typically much slower than the
display refresh rate

I I'The tracking data, which led to a speci'c image, were valid in the
"distant” past

I 'The tracker could deliver data more often

I 'Consecutive frames differ from each other (most of the time) only
relatively little ( B»temporal coherence)

16.6 ms
— : New appl. frame
: L, R, LR

Display | | | | | | | | | | | | i | —

I

To N T T T,

System | Trackerl Application (Simul) | Renderer Slwapl()Ck .

%(_/\ ~ AL W /kw—}

10 ms 30 ms 50 ms 8 ms
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Y  Ideaof the Solution (a.k.a. "Time Warping")

e

| 'Decouple simulation/animation, rendering, and tracker polling:

Input devices (tracker)

Simulation / Animation Camera pos.
Object transform., v
camera- position
Warping
Appl. r_enderer e
— Shared Only (server)
scene graph object
Transf. Transform
60 H
- Hzl Zl 10242 GL_POINTS

GPU 1 FBO | shared memory 1 &Wre, 1 6py 2
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Y  An Application Frame (Client)

I TAt time t4, the application renderer generates a normal frame
I IColor buffer and Z-buffer

I 'THenceforth called "application frame"

| |E but also saves additional information:
1.'With each pixel, save ID of object visible at that pixel

2.!Save camera transformations at timet;

Ttl,cam<—img ’ Tt1,W|d<—C&m
3.!With each object i, save its transformation

i
T4, obj—wid
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Y  wWarping of a Frame (Server)

®

I TAt a later time t, , the server generates an image from an
application frame by warping
I I'Transformations at this time:

i
to,wld! obj Ttg,img! cam th,cam! wld
ITA pixel P4 = (x,y, z) inthe appl. frame will be "warped" to its

correct position in the (new) server frame:

_ = . . i . i .
Ps —th,lmg<—cam th,cam<—wld th,wld<—obj t1,0bj—wld

7_t“l,wld<—cam ’ 7—tl,cam<—img ) 'DA

I I'This transform. matrix can be
precomputed for each object
and each new server frame
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Appl Frame . P
(t1) 8

) Ttl ,cam«—img
-Z
) Ttl,wld<—cam

World (t,) ) i
t1,0bj«wld

z

14
Word;_—rx
Z
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D 4

Virtual Reality & Simulation

i
)Tﬁwm@@w

Camera (t,)

Ttg,cam<—wld

?ﬁﬁﬁﬁ?ﬂ%%%
(t)!

Cavaiahd(l;)) -

WS

y
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Warped P,
Server Frame P’
S

(t2)
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Y  Remarks -

e

I 'lmplementation of the warping:

I'1In the vertex shader

-I'Doesn't work in the fragment shader, because the output (= pixel) position is
"xed in fragment shaderd

I 'Warping renderer treats the image in the FBO containing the appl.
frame as a texture , and it loads all the T;Os

I TRender 1024x1024 many GL_POINTs (calledpoint splats)

Il Advantages:

I'I'The frames (visible to the user) are now "more current", because of
more current camera and object positions

I IServerframerate is independent of number of polygons
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l@} ¥, cc
VR

S

I 'Problems:
I 'Holes in server frame
-I'Need to "Il them, e.g., by ray casting

I'IServer frames are fuzzy
(because of point splats)

I 'THow large should the point splats be?

I'I'The application renderer (full image
renderer) can be only so slow
(if it's too slow, then server frames
contain too many holes)

I'TUn"lled parts along the border
of the server frames

-I' Potential remedy: make the viewing frustum for the appl. frames larger
I 'Performance gain:
1112M polygons, 800 x 600 frame size
I 'Factor ~20 faster
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WU  Videos
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