
Hi everyone, my name is aƛŎƘŀƱ IwanickiΦ LΩƳ ŀƴ ŜƴƎƛƴŜ ǇǊƻƎǊŀƳƳŜǊ ŀǘ bŀǳƎƘǘȅ 5ƻƎ 
ŀƴŘ ǘƘƛǎ ǘŀƭƪ ƛǎ ŜƴǘƛǘƭŜŘΥ ά[ƛƎƘǘƛƴƎ ǘŜŎƘƴƻƭƻƎȅ ƻŦ ¢ƘŜ [ŀǎǘ ƻŦ ¦ǎέΣ ōǳǘ L ǎƘƻǳƭŘ ƘŀǾŜ 
ŎŀƭƭŜŘ ƛǘ άƻƭŘ lightmaps ς ƴŜǿ ǘǊƛŎƪǎέ 
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The Last Of Us is an action-adventure, survival-horror game, with a heavy emphasis 
on story and characters. It takes place in the near future, where mankind has been 
decimated by a mind-controlling fungus. LŦ ȅƻǳ ƘŀǾŜƴΩǘ ǎŜŜƴ ǘƘŜ ƎŀƳŜ ȅŜǘΣ ƘŜǊŜΩǎ ŀ 
ǎƘƻǊǘ ǘǊŀƛƭŜǊΧ 
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Since the game takes place in a post-ŀǇƻŎŀƭȅǇǘƛŎ ǿƻǊƭŘΣ ǘƘŜǊŜΩǎ ŀƭƳƻǎǘ ƴƻ ŜƭŜŎǘǊƛŎƛǘȅΣ 
so no artificial light sources. The majority of the lighting comes from the sun and the 
sky, so most of the environments are lit just by bounce lighting. 
There was a very strong art direction: we wanted to show the beauty of this lighting, 
its softness, how it interacts with different surfaces, the soft shadows it creates. We 
wanted to show specular highlights of the indirect illumination and show all those 
subtle details modeled with normal maps. 
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Just to give you ŀƴ ƻǾŜǊǾƛŜǿ ƻŦ ǿƘŀǘ ǿŜ ǿŜǊŜ ŀŦǘŜǊΣ ƘŜǊŜΩǎ ǎƻƳŜ ŎƻƴŎŜǇǘ ŀǊǘΧ 
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As you can see, all the lighting is very soft, but you still get a very clear read of all the 
surface details. 
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From the very beginning, we knew that to achieve this level of quality, relying purely 
on runtime lighting would not be enough. We knew that we had to compute our 
lighting offline, so we decided to use lightmaps.  
The problem with lightmaps is that even though the game industry has been using 
ǘƘŜƳ ŦƻǊ ȅŜŀǊǎ ƴƻǿ όǎƛƴŎŜ vǳŀƪŜ мΚύΣ ǘƘŜȅ ǎǘƛƭƭ ǎǳŦŦŜǊ ŦǊƻƳ ǊŜŀƭƭȅ ŦǳƴŘŀƳŜƴǘŀƭ ƛǎǎǳŜǎΧ 
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Like the seams: the discontinuities in the lighting.  
It can happen that parts of the mesh that are contiguous in 3D space are mapped into 
disjoint regions in UV space, and the interpolated lighting values along split edges 
ŘƻƴΩǘ ǉǳƛǘŜ ƳŀǘŎƘΣ ǿƘƛŎƘ ŎŀǳǎŜǎ ǾƛǎƛōƭŜ ǎŜŀƳǎΦ 
While methods to deal with this do exist, they either generate additional cost at 
runtime or impose restrictions on shape and/or placement of charts in uv space, 
leading to inefficiencies in the uv space usage, which we wanted to avoid. 
 
Seamless atlasing methods can be used but with the size of our levels, they were too 
costly to integrate into our pipeline. 
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We found a pretty simple, yet effective solution: if the interpolated values on both 
ǎƛŘŜǎ ƻŦ ǎǇƭƛǘ ŜŘƎŜǎ ŘƻƴΩǘ ƳŀǘŎƘΣ ƭŜǘΩǎ Ƨǳǎǘ ƳŀƪŜ ǘƘŜƳ ƳŀǘŎƘΣ ōȅ ǎƭƛƎƘǘƭȅ modifying the 
intensities of the surrounding texels. 
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[ŜǘΩǎ ǘŀƪŜ ŀ ƭƻƻƪ ŀǘ ǘƘŜ ŜȄŀƳǇƭŜΥ ŀ ƳŜǎƘ ƛƴ о5 space is atlased into 2 disjoint regions 
ƛƴ ¦± ǎǇŀŎŜΦ !ƭƻƴƎ ǘƘŜ ǎǇƭƛǘ ŜŘƎŜ ǿŜ ŎǊŜŀǘŜ ŀ ƴǳƳōŜǊ ƻŦ άǎǘƛǘŎƘƛƴƎ Ǉƻƛƴǘǎέ όǿŜ ŎǊŜŀǘŜ 
three points per texel, since the bilinear interpolation follows a quadratic curve). 
[ŜǘΩǎ ŜȄŀƳƛƴŜ ƻƴŜ ƻŦ ǘƘƻǎŜ ǎǘƛǘŎƘƛƴƎ ǇƻƛƴǘǎΦ ¢ƘŜ ǾŀƭǳŜ ƛƴ ǘƘŜ ǎǘƛǘŎƘƛƴƎ Ǉƻƛƴǘ ŦƻǊ ǘƘŜ 
chart on the left, Ci0, is the interpolated value of four surrounding texels, marked in 
blue. 
Same with the value on the other side of the edge: Ci1. 
We want Ci0 and Ci1 to be equal.  
We can define the error for this stitching point as a squared difference between 
them. 
And then we define the error function for the whole lightmap, which is the sum of 
the errors for individual stitching points. 
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Once we have the error function we simply minimize it using least squares, treating 
texel values as variables. The optimization modifies the texel values slightly and 
ƳŀƪŜǎ ǎǳǊŜ ǘƘŀǘ ǘƘŜ ǘƻǘŀƭ ŜǊǊƻǊ ƛǎ ƳƛƴƛƳƛȊŜŘΦ ¢ƻ ƳŀƪŜ ǎǳǊŜ ǘƘŀǘ ǘƘŜ ǾŀƭǳŜǎ ŘƻƴΩǘ 
deviate from the originally calculated ones, we add additional constraints that 
penalize deviation from the calculated values, with a user-controllable strength. 
Lǘ ǿƻǊƪǎ ǎǳǊǇǊƛǎƛƴƎƭȅ ǿŜƭƭΥ ƛǘ ŘƻŜǎƴΩǘ ǊŜǉǳƛǊŜ ŀƴȅ ŎƘŀƴƎŜǎ ǘƻ ǘƘŜ ¦± ƭŀȅƻǳǘ ŀƴŘ ŘƻŜǎƴΩǘ 
generate any additional cost at runtime; it can be easily applied to already existing 
maps. 
¢Ƙƛǎ ƛǎƴΩǘ ƭƛƳƛǘŜŘ ǘƻ lightmaps: the method can be used on other types of maps as 
well. 
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