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What We’ve Learned 

-  Technical Learning 

-  Optimization Learning 

-  Design Lessons from Demos 



Epic Games and Oculus, a long history together 



HD Prototype, E3 2013 

Epic adapted our “Elemental” tech 
demo to be an exploration VR 

experience. 

 

Oculus Rift wins Game Critic’s Award 
for Best Hardware 



Crystal Cove Prototype, CES 2014 

Epic combined two demos, 
“Elemental” and “StrategyGame” to 
create “StrategyVR,” an experience 

that shows off the positional tracking 
capabilities of the Crystal Cove 

prototype 
 

Oculus Rift wins Best of Show 



DK2, GDC 2014 

Epic created a new experience, “Couch 
Knights,” using assets from other 

demos, to make a multiplayer shared 
VR experience where motion from 
two players is mapped to in-game 

avatars 

 



Crescent Bay Prototype, OC 2014 

Epic created a cinematic action 
experience using assets from the 

“Infiltrator” and “Samaritan” demos to 
create “Showdown,” which pushes 
high-end visuals at high framerate 
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Rendering Modifications 
(Stereoscopic rendering, distortion) 

 

Reading the Sensor Data 
(Input, latency reduction, time warping) 

Engine Integration Overview 



Traditional Rendering:  Projected from one camera point, no depth 



How Humans See Depth:  Interpupillary Distance (IPD) 



How Humans See Depth:  Interpupillary Distance (IPD) 

IPD:  6.4cm 
(average) 



Stereoscopic Rendering: One projection for each eye 



Stereoscopic Rendering: One projection for each eye 



Stereoscopic Rendering: One projection for each eye 



Stereoscopic Rendering: One projection for each eye 
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Engine Implementation of Stereo Rendering 

Easiest Approach:  Repeat Draw Calls for Each Eye 

•   For each eye, send the draw calls for the entire scene 

•   Increased number of draw calls, but simple to implement, 
and compatible with our current pipeline 

•   For certain post effects, reuse computation from one eye 
for both eyes (e.g. eye adaptation) 
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Engine Implementation of Stereo Rendering 

Better Approach:  Do Double Rendering in the Shader 

•   Send draw calls once, but add a shader parameter that 
contains the eye transforms 

•   Moves the work on to GPU, cuts down draw call overhead 

•   More invasive to the rendering pipeline, will probably try 
this in the future as an optimization 
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Distortion:  Correcting for Optics 

 

Now we’re rendering in stereoscopic, but we’re not done yet. 

We still need to correct for the distortion due to the optics of 
the device (image warping and chromatic aberration) 



Distortion: Correcting for Optics 

 

If we were to look at a normal grid 
through the optics of the device, it 

would look something like the image 
to the left. 



Distortion: Correcting for Optics 

 

To correct the image, we need to 
apply a post process effect that 

negates the effects of the optics, a 
barrel filter. 



Combination of Post Processing Distortion and Lens Distortion 



Distortion: Correcting for Optics 

Fortunately, this is all done for you in 
the 0.4.x SDKs, but there’s an 

important observation to be made... 

 

The process of distorting the image 
shrinks the image. 

 



Screen Percentage:  Increase the buffer resolution, so we shrink to fit the final res 

Actual Device Resolution 

Oversized Back Buffer 
(r.ScreenPercentage > 100) 

“Lost” resolution from distortion is outside the final 
render bounds 
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Distortion:  Correcting for Optics 

r.ScreenPercentage: 

•   Values can range from 30% to 300% 

•   Scaling this up and down trades performance for visual 
quality 

•   Devices have recommended percentages, but you can 
override to add scalability 
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Distortion:  Correcting for Optics 

r.ScreenPercentage: 

•   Change in-game via “hmd sp 100” command, or save in 
your DefaultEngine.ini on a per-project basis 

•   We always try to shoot for 130% to 140% on our target 

•   Higher screen percentages provide antialiasing benefits, and 
improve the quality of temporal AA 
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Reading the Sensor 

First Attempt:  Read the sensor data with the rest of the input 

•   Once per frame, towards the beginning of the game thread 

•   Read and aggregated with the rest of the input devices 
(controllers, mice, etc) 

•   “Hey, this is pretty awesome!” 
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Reading the Sensor 

•   Everyone that had actually tried good VR told me how 
wrong that I was 

•   My motion-to-photons was “too damn high” 

•   Absurd amount of latency (>50 ms) 

•   We needed multiple ways to cut this down… 
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Latency Reduction:  Stop Buffering Frames 

•   Video card was buffering frames, which meant that sensor 
data was multiple frames old by the time it was rendered 

•   Added r.FinishCurrentFrame, which forced the video card to 
finish the current frame and present before moving on to 

the next 

•   Trades performance for latency reduction 

•   No longer needed for Direct Mode with 0.4.x runtimes! 
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Latency Reduction:  Sample Before Render 

Instead of sampling just once per frame, why not sample 
multiple times to the latency of the game thread? 

Take this example game frame, at 60Hz (times rounded)… 

0ms 17ms Game Draw GPU 
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Latency Reduction:  Sample Before Render 

If we sample once per frame, we’re guaranteed nearly a full 
frame of engine-induced* latency. 

*For simplicity, we won’t talk about the latency induced by the 
graphics card, or the display device itself 

0ms 17ms Game Draw GPU 

Input Sample (t=1ms) 
Latency: 17ms – 1ms = 16ms 
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Latency Reduction:  Sample Before Render 

What if we sampled again right before we started sending 
draw calls? 

We could mask much of the latency of the game thread! 

0ms 17ms Game Draw GPU 

Input Sample (t=1ms) 

Latency: 17ms – 5ms = 12ms 
Pre-rendering Sample (t=5ms) 
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Latency Reduction:  Sample Before Render 

While the first sample lets us do gameplay logic based on the 
player’s rotation and position, we can still update the view 

matrix with a more recent sensor sample in order to provide a 
more accurate image. 

0ms 17ms Game Draw GPU 

Input Sample (t=1ms) 

Latency: 17ms – 5ms = 12ms 
Pre-rendering Sample (t=5ms) 
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Latency Reduction:  Can We Do Better? 

We’ve hidden the cost of the Game thread effectively, but that 
still leaves the majority of the frame.  Can we hide the 

rendering of the frame? 

0ms 17ms Game Draw GPU 

Input Sample (t=1ms) 

Latency: 17ms – 5ms = 12ms 
Pre-rendering Sample (t=5ms) 
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Latency Reduction:  Let’s do the Time Warp 

“Time Warping” is a technique that allows us to adjust the final 
rendered image based on updated rotational data. 

We can use this to effectively hide much of the latency of 
drawing and rendering the frame. 

How does it work? 



Latency Reduction: Let’s do the Time Warp 

 

We have the final rendered image 
from the GPU, and in addition, we 

have the depth buffer. 

That means we can reconstruct the 3D 
position of every pixel of the image. 



Latency Reduction: Let’s do the Time Warp 

 

Once we have the 3D positions for the 
image, we can perform a rotation on 
those pixels based on the new sensor 

data. 
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Latency Reduction:  Let’s do the Time Warp 

 

 

(Video!) 
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Latency Reduction:  Let’s do the Time Warp 

•   Time warping allows us to rotate the final image based on 
the sensors, right before we present 

•   There’s only a finite amount of image data, so at larger 
rotations, you don’t have enough 

•   Time warping works well for small rotations, which we have 
when we’re running at 75 or 90Hz 
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Latency Reduction:  Let’s do the Time Warp 

With time warping, we resample after the majority of the 
frame is done, so we can hide much of the latency of drawing 

and rendering of the image. 

0ms 17ms Game Draw GPU 

Input Sample (t=1ms) 

Latency: 17ms – 4ms = 3ms 

Pre-rendering Sample (t=5ms) Time Warp Sample (t=14ms) 
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Latency Reduction 

We’ve hidden much of the latency of our frame, allowing the 
user to have a much more comfortable experience! 

Now, we need to make sure that we can maintain framerate, 
because losing frames will destroy all our hard work… 
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What are we making? 

•   Oculus wanted something more “Epic” 

•   Explosions 

•   Much cinematic. Wow. 

•   How far can we push visual impact? 
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Brainstorming 

•   Near field stuff looks great in stereo. 

•   When in doubt, make shit explode. 
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Brainstorming 

We need to re-use existing assets for 
efficiency. 

•   Infiltrator 
•   The flying robot. This guy could shoot at 

you and tear up the environment around 
you. 
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Brainstorming 

•   We have this environment from the 
Samaritan Demo. 

•   Picture the robot shooting everywhere 

•   Debris, dust, explosions. Boom! 
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Constraints 

Limited Resources 
•   ~5 weeks to complete content 
•   2 people for most of the work 

Technical limitations 
•   90hz 
•   Unknown new tech 



Making it happen 

•   Can we make this run? 

•   Couch Knights was (barely) running  
at 75hz 

•   Simple Geometry 

•   Few characters 



Strategy VR demo was actually downsampled! 
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Rip the Band-Aid off early! 

Tradeoffs must be made! 
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•   No Direct Lighting 

•   Rely on Lightmass (offline GI system) 

•   Indirect lighting Cache on dynamic 
meshes 

•   Fake/blob shadows for characers 

Lightmaps only 
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•   Used for explosions and muzzle flashes 

•   No dynamic shadows 

•   Aggressive radius attenuation 

•   Staggered usage- no more than 2 at once 

Limited Dynamic Lights 
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•   Stereo doubles our drawcalls 

•   Try to keep them at ~1000 total 
 

Aggressive limits on drawcalls 
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Design around the problems! 

Make it slow motion 
•   Slomo explosions 
•   Makes the best of short anims 
•   Slomo explosions 
•   Bullet time 
•   Slomo explos… 

  …you get the point. 
    …They’re cool. 
      
     Phscewewww! 
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Design around the problems! 

Make it slow motion 
•   Slomo explosions 
•   Makes the best of short anims 
•   Slomo explosions 
•   Bullet time 
•   Slomo explos… 
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Stereoscopic vision ruins things 
 

Normal maps look like wallpaper 
 
•   Need to make things out of real geometry 

•   ..or per-eye hacks like Bump-Offset 

•   Reflection environment looks great! 

•   We were stuck with a bunch of old content. Oh well! 
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Sprite particles look like sprite particles 
 

•   Only holds up well for really small things 

•   Also perfectly spherical things… yeah, all of those. 

•   Flipbook explosion looked great in 2d. Terrible in 
3d 

•   Ended up using real geometry 
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Highly tesselated sphere + world space noise function to tesselate and feed blackbody pixel shader.  

 
Much, much more work could be done by real fx artists.  
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Thick smoke is also hard! 

Used tessellated geometry trick again. But as often happens with stereo: 
 

Tessellated geometry looks like tessellated geometry! 
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•   Made a second “layer” in the 
material with bump offset 

•   Used a dithering trick to exploit 
Temporal AA 
•   Looks like transparency 
•   Avoids self-sorting issues 
•   Looks too legit to quit 
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Fake Shadows/Lighting 
 

Attached “dynamic” blob shadows to character’s feet 
•   Blob follows on X&Y, vertex shader keeps Z on ground. 
•   Scales down mesh & fades opacity when foot bone 

gets further away from ground plane 
•   Super cheap, no tick. All in vertex shader. 
 
Quote from graphics programmer: 
“I don’t think we’ve ever shipped a game with shadows 
that look that good!” 
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Fake car projected shadow 
 

Needed shadow that could project onto geometry 
 
•   Floating card didn’t work. Stereo problems… 

•   Used depth buffer to project baked AO shadow in world space. 

•   Use a mesh “shell” to limit overdraw to minimum area 
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Worked better than I could have hoped! Only 30 instructions! 

 
I’m going to re-apply at epic as a graphics programmer. 
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•   Using a many-layer bump offset trick to 
approximate a parallax occlusion effect.  

•   The only effect I've ever seen that has 
less artifacts in stereo.  

•   High pixel shader cost, but really small 
screen fill 

Bulletholes 
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Profile early, profile often.  

•   Stat fps  

•   Stat unit 

Here’s our “first playable” perf profile: 

•   It looks like I might be draw/render 
thread bound at this point. Let’s find out 
why. 

Profiling with Realtime Stats 
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•   Static Draw List drawing:  11.50ms 
•   RenderViewFamily:   25.33ms 

•   That’s not a small amount of draw calls 

“Stat SceneRendering” 
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Before: 

 
 

 

After: 
 

 

“Show Staticmeshes” 

•   8ms+ in static mesh drawing. 

 

•   Write it down and move on. 
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Particle Render Time =  8.51ms 

 

Sprite Render Time=  4.16ms 

“Stat Particles” 
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“Show Particles” 

 

•   Saved about 8ms when turning particles off 

 

•   Delta between Draw and GPU is pretty much 
locked, suggesting we’re still draw thread 
bound. 

 

•   Clearly particles need an optimization pass! 

Before: 

 

 

 
 

After: 
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Etc. etc. 
 

•   Entering “show” into the console prints a list of all things that can 
be toggled with show commands 

 
•   “Show PostProcessing” 
•   “Show Translucency” 
•   “Show SkeletalMeshes” 

•   These and more are a quick way to establish where the cost is 
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CPU Profiling  
Tool 

 

•   This thing is awesome! 

•   Capture a “data preview” 
from the editor 

•   Can navigate down to the 
function call level 
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Render Thread Profile 
 
 

 
•   This supports our previous guess that mesh 

drawcalls are costing a lot! 

•   Looks like translucency is also expensive 
•   I can see the name of the effect that costs a lot so 

it’s easy to narrow down optimizations! 

•   Cost we see here also closely reflects the 
costs we were seeing in the runtime stats 

•   HZB. Honestly didn’t know it cost this much in 
render thread till I prepped this slide ☺ 

•   Didn’t need it in this demo. Kill it! 
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Game Thread Profile 
 
 

•   Game thread updates transforms before 
render thread can start working. Need to 
sanity check! 

•   That’s a placeholder “explosion” sim we stole 
from infiltrator.  

•   Mouse over “tag” icon to see more info about 
the function call.  

•   Set transform is called 2660 times. 
DELETE! 

•   Biggest low hanging fruit is often unwanted 
collision with overlaps updating 

•   < 
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Perf Check 2.0 
 
 

This capture was taken from a later pass with almost final content. 
 

•   Looks like the draw thread and GPU are still in lock-step when we 
pause and unpause. 

•   Still Render thread bound! 

•   < 

Draw: 14.73ms 
GPU: 15.75ms 

Game Running 

 
 

Game Paused 

 
 Draw: 17.25ms 

GPU: 18.30ms 
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We’re gonna need a bigger boat! 
 

Despite having some badass GPUs, our work machines 
have workstation Xeon CPUs.  

•   10 billion cores (approx.) 
•   Low clock speed 

We needed to shift to a consumer level i7 processor 
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•   Running with HMD SP 100 to 
bottleneck to Render thread 

•   The difference in perf here is 
pretty incredible. 

•   At a regular screen percentage, 
GPU becomes the bottleneck 
again. 

  

Draw:  4.11ms 
GPU:  (Please ignore the man 

  behind the curtain) 
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GPU Profiling 
 

Rudimentary GPU profiling 
•   Nowhere nearly as robust 

as our CPU profiler, but 
better than nothing! 

That HZB occlusion we saw 
earlier in the Render thread. 
Ouch! 
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GPU Profiling 
 

•   We can break down the base pass 
rendering into a few different 
categories. 

•   Useful to find out where your GPU 
time is going 

•   Still need to dig deeper to 
find out which particular 
assets are at fault 
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Long Story Short 
 

•   You will need to make tradeoffs. 

•   Be aggressive 

•   Get creative 

•   Get technical 
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Cool things during this demo 
 

•   Multithreading on the Render thread started coming 
online. 

•   Already saved multiple ms! 

•   Timothy saved 20% perf on Temporal AA 

•   He also made tweaks so Temporal AA isn’t so blurry 
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Bonus! .ini render settings. 
 

 r.SeparateTranslucency=0 
r.HZBOcclusion=0 
r.FinishCurrentFrame=1 
r.MotionBlurQuality=0 
r.PostProcessAAQuality=3 
r.BloomQuality=1 
r.EyeAdaptationQuality=0 
r.AmbientOcclusionLevels=0 
r.SSR.Quality=1 
r.DepthOfFieldQuality=0 
r.SceneColorFormat=2 
r.SSSSS=0 
 

r.TranslucencyVolumeBlur=0 
r.TranslucencyLightingVolumeDim=
4 
r.MaxAnisotropy=8 
r.LensFlareQuality=0 
r.SceneColorFringeQuality=0 
r.FastBlurThreshold=0 
showflag.decals=0 
r.SSR.MaxRoughness=0.1 
r.compileshadersfordevelopment=0 
r.rhicmdbypass=0 
r.TiledReflectionEnvironmentMinim
umCount=10 
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Design Lessons 

 

Now that we’ve covered technical constraints and 
considerations, let’s take a quick look at some take-aways from 

the demos that we’ve made for VR so far. 



Elemental VR:  Baby-steps in VR 



Elemental VR:  Movement 

People don’t move like they’re in a 
video game! 

We had to cut our movement speed 
down to 1/3 of normal 

Slopes made people feel like their 
“stomach was dropping” 



Elemental VR:  Movement 

Vertical movement can be fun! 

Volcano skiing was a hit during the E3 
demos. 

The key was to make sure you’re 
looking in the direction you’re 

travelling! 



Elemental VR:  Visuals 

 

High-frequency visual information 
helped to mask the lower resolution of 

the DK1. 

Clean lines didn’t read well on the 
screen, but fortunately our 

environment had very few of them. 



Elemental VR:  Visuals 

 

Snow flakes provided a lot of nice 
near-field visuals. 

Since they were create a volume 
around you, there was a great sense of 

parallax. 



Elemental VR:  Look Around! 

 

Magic missile! 

Bouncy blob of particles that was fun 
to look at, which encouraged players 

to actually look around. 

Spatialized audio really helped! 



Strategy VR:  A Study of Scales 



Strategy VR:  Contrasting Scales 

 

The Lava Knight was huge, and the 
action in front of you was small. 

This naturally encouraged people to 
lean forward to get a closer look at the 

action. 

Head smacks = Success! 



Strategy VR:  Losing Track 

 

 

What do we do when the camera 
loses sight of the player? 



Strategy VR:  Losing Track 

 

 

Idea:  Arrows! 

Not so great, they don’t really fit with 
the theme of the world you’re in. 



Strategy VR:  Losing Track 

 

 

Idea:  Draw the Frustum 

Also don’t fit with the theme of the 
world, intrusive. 



Strategy VR:  Losing Track 

 

Idea:  Desaturate the Scene 

Worked well!  Players already knew 
how to get back to the volume, was a 
subtle effect, but obvious enough to 

notice that something was wrong. 



Strategy VR:  Ambient Motion 

We had “dust motes” in the air to help 
sell the positional tracking. 

Ambient motion on the dust made 
people feel like they were moving 

when they really weren’t. 

Slowed down the motion, made them 
more transparent. 



Couch Knights:  A Shared Experience 
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Couch Knights: Goals 

•   Player motion mapped to an in-game avatar 

•   Multiple players in a shared space over a network 

•   Competitive, but simple, gameplay 

Couch Knights didn’t start out anything like Couch Knights… 



Before Couch Knights:  Creepy Dead Arms 

Wanted to use a high-res character, so 
we used Owen from the “Samaritan” 

tech demo. 

Sat him in a chair, and used IK to map 
the player’s motion to Owen’s body. 

Looked good, until you looked down… 



Before Couch Knights:  Creepy Dead Arms 

 

Being able to see your arms, but not 
move them is profoundly disturbing to 

a lot of people. 

How do we get around this? 



Before Couch Knights:  Creepy Dead Arms 

 

Idea:  Put your hands behind your back 

This was actually fairly effective!  Not 
seeing your hands meant you didn’t 

notice they were wrong. 

How do we fit this into the narrative? 



Before Couch Knights:  Interrogation! 

Interrogation scene! 

Players would be bound and gagged in 
an interrogation room, and work 
together to escape, using body 

language to communicate. 

Perhaps a bit too intense for GDC… 



Couch Knights:  The Beginning 

Back to the drawing board. 

Decided to go for a simple fighting 
game, using assets from one of our 

artist’s projects. 

Premise:  Toys come to life in your 
apartment, and start beating the #*#

% out of each other. 



Couch Knights:  Solving the Arm Problem 

What if we made the in-game avatar 
do something with their hands that 

was similar to what the actual player 
was doing? 

Solution:  Give them a controller, so 
their player’s proprioception* matched 

up with the in-game visuals 



CONNECT 

Awesome Word 

Proprioception: 

Latin for “one’s own perception” 

Your sense of the relative position of your body parts. 

It’s how you can tell where your arms are, even with your eyes 
closed. 



Couch Knights:  Networked Body Language 

Avatar mapped motion from the 
player using IK, and assuming the 

player’s butt was stationary. 
Head and upper torso were controlled 

by the actual position of the HMD, 
and replicated across the network. 

Body language of another human is 
very powerful. 



Body Language:  The “Bro-Nod” Heard ‘Round the World 



Couch Knights:  Uncanny Valley 

The avatar character was a little 
“thuggin’,” which meant that some 
players felt awkward in the body. 

Tattoos, skull rings, and really big 
hands made many players feel odd, 

especially women. 



Couch Knights:  Uncanny Valley 

We wanted to add facial expressions 
to the avatar, based on in-game 

actions. 
Had one for “happy,” and one for 

“sad.” 
Adding these facial animations made 
things worse, because players noticed 
the lack of expressions at other times. 



Couch Knights:  Uncanny Valley 

We added eye tracking to the player, with 
three points of interest: their knight, the 

other knight, and the other player’s avatar. 

Look target would switch when players 
got with in a certain angle of a target. 

The angle of switching had to be tuned to 
within 2 degrees, or it was disturbing! 



Couch Knights:  Uncanny Valley 

Most people actually bonded with the 
knight character more than the 

human, because it was cartoony and 
abstract. 

Facial animations, smiles, and “dance” 
animations were crowd favorites. 



Couch Knights:  Uncanny Valley 

People can bond with abstract objects, 
if they perceive their motion to be 

“lifelike” 

“Exploring the Effect of Abstract 
Motion in Social Human-Robot 
Interaction” (Harris and Sharlin) 

Invest in animations! 



Showdown:  A Cinematic Experience 
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Showdown:  The Culmination 

The Showdown demo is the culmination of what we’ve 
learned, applied to a more cinematic experience. 

What have we learned? 

We need your feedback! 
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Conclusions 

We see VR as a progression of the narrative mediums 

Oral 

Written 

Plays 

Film 

Games 

Virtual Reality 

Tim
e 

+ Record 

+ Performance 

+ Cinematography 

+ Interaction 

+ Presence 
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Conclusions 

We’re all on the cusp of a new medium, experimenting, 
succeeding, failing, but ultimately, defining the grammar of 

how we interact and convey experiences in VR. 

Above all, we need to share the lessons we learn with the 
community, and strive for excellence, in order to help VR 

achieve legitimacy! 
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