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Abstract We propose an efficient technique for rendering

visually plausible real-time soft shadows in screen space.

First, we propose a novel blocker estimation technique based

on a separable filter. Second, our technique performs a sep-

arable Gaussian blur in screen space over the hard shad-

ows produced by the standard shadow mapping technique.

Although blurring the hard shadows with a separable filter

was done before in the literature using bilateral filtering, we

use an alternative approach that minimizes artifacts. Since

separated calculation is not possible for all cases, we pro-

vide data reutilization criteria based on two user-defined error

thresholds called α and β. As a consequence of using separa-

ble approaches for both stages of the light visibility estima-

tion, our technique is able to improve rendering performance,

especially when high-resolution shadow maps and filtering

kernels are used.

Keywords Rendering · Real time · Soft shadows

1 Introduction

Shadows are important in real-time scenes, since they greatly

contribute to both the realism and the perception of the

scene. However, while the so-called “hard shadows” can be
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efficiently calculated using the standard Shadow Mapping

technique [23], rendering visually plausible soft shadows is

an expensive task.

Soft shadows are physically produced in the real world

by area lights which emit light from all the points of their

surface. Area lights can be approximated by distributing a

set of point lights over their surface (the more the better) and

combine them using the standard shadow mapping technique

for each point light. However, this method is not practicable

for real-time applications since it would very expensive for

smooth penumbrae.

To solve this problem, Fernando [12] presented a simple

yet effective technique for computing soft shadows in real

time. This method is divided into two different steps: the

blocker search stage (for computing the size of the penum-

bra) and the shadow filtering stage (used to compute smooth

shadow edges depending on the visibility factor). Both stages

filter the shadow map, requiring a high amount of texture

samples to be fetched (the higher the better), introducing a

high-performance penalty cost.

We propose a new technique for minimizing the perfor-

mance cost of existing soft shadowing algorithms. Our tech-

nique is based on converting the expensive filters used for

both the blocker search and the shadow blurring stages into

separable filters. For the first step, we use a separable filter

which is able to determine whether the samples are reusable

or not using novel data reutilization criteria, falling back

to a safe non-separable filter when needed. For the penum-

bra generation stage, we apply a separable Gaussian blur to

the hard shadows in screen space. This blurring algorithm

is similar to the method used in [15,24], but it has been

improved to avoid the need of storing and processing multi-

ple depth layers and to solve problems not addressed in the

original papers introduced by the use of separable bilateral

filtering.

123



J. M. Buades et al.

2 Previous work

Shadow rendering is a prolific research field in real-time com-

puter graphics. However, it is still an open research topic,

since the complexity of simulating physically realistic shad-

ows is a complex task for real-time applications, such as

games. In this section, we give a short overview of the pub-

lications in the literature that have mostly contributed to this

topic.

Shadow Mapping is an image-based method introduced

in 1978 by [23] that determines whether a point is being

directly lit by a light source or not also introducing alias-

ing and undersampling artifacts when projecting the shadow

map into the scene. To alleviate these artifacts, Reeves et

al. [18] propose a new technique called Percentage-Closer

Filtering (PCF), which is based on performing a number

of shadow tests and averaging the results. PCF allows for

smooth shadow transitions but it is very time consuming

since several texture accesses are required. To provide more

efficient filtering approaches, some authors have proposed

alternative techniques like Variance Shadow Maps [10], Con-

volution Shadow Maps [2] or Exponential Shadow Maps [3],

which attempt to reduce aliasing by blurring the shadow

edges. However, these techniques are not able to produce

visually plausible soft shadows, since they use a uniform fil-

ter for blurring the shadow edges.

To overcome this limitation, some authors [6,7] pro-

pose geometry-based techniques which extend the scene

with new geometry elements that are used to simulate inner

and outer penumbra effects. However, performance in these

approaches heavily depends on scene complexity and the

techniques are usually very complex and hard to implement

compared to pure image-based methods.

In contrast, image-based methods are independent of the

complexity of the rendered scene and are easier to imple-

ment and deliver better rendering performance. Fernando

[12] proposes an easy-to-implement approach (Percentage-

Closer Soft Shadows) by extending PCF with an additional

stage that estimates the size of the penumbra at a given point.

PCSS assumes that the light source, occluder and shadow

receiver are parallel surfaces to simplify the light visibility

estimation as shown in Eq. 1.

wpenumbra = wlight

zreceiver − zavg

zavg
(1)

where wlight is the size of the light source; zreceiver and zavg are

the distances from the light source to the shadow receiver and

the shadow casters, respectively; and wpenumbra represents

the size of the penumbra at that point. First, in the blockers

search step, the distance to the occluders zavg is estimated

by averaging the depth values in the shadow map that are

smaller than the current pixel depth in light space. Then, PCF

is performed using the resulting estimation. PCSS requires a

high amount of texture lookups for both the blocker search

and the shadow blurring stages, highly affecting performance

when large kernel sizes are used and suffer from occluder

fusion artifacts.

Backprojection techniques [4,5,13,14,19] use the shadow

map as a discretized representation of the scene and estimate

the per-pixel visibility factor by backprojecting the shadow

map texels onto the light source and then computing the

amount of occlusion. Although these approaches allow for

perceptually plausible soft shadows (even with correct mul-

tiple occluder fusion), they are costly and introduce artifacts

that are difficult to eliminate. Annen et al. [1] improve CSM

by performing variable size penumbrae including a SAT-

based blocker search step, which can be applied to envi-

ronment light sources. Recent works like VSSM [9] and

ESSM [21] propose to extend prefiltering techniques with a

blocker search estimation to generate variable-sized penum-

brae. Although these techniques offer performance improve-

ments over PCSS, they introduce the usage of SAT which

becomes a bottleneck that increases with the size of the

shadow map.

Some authors [15,17,24] propose to perform the shadow

filtering stage in screen space rather than in the shadow

map. These techniques work as follows: first, the “hard shad-

ows” are computed using standard Shadow Mapping. Then,

these shadows are blurred using a separable Gaussian filter

in screen space with per-pixel variable size depending on

the estimation used in Eq. 1. Since these methods operate in

screen space, they can take advantage of splitting the filter-

ing process in two separate linear filters, reducing the com-

putational cost from O(n2) to O(n + n) and improving per-

formance. These techniques usually exploit cross-bilateral

filtering [8] to preserve discontinuities in a given domain.

However, these techniques incur into additional problems.

On one hand, there are situations in which there is not enough

information in screen space to apply the filter because the

needed samples are occluded by other elements. This causes

[17,24] to produce incorrect penumbrae in some circum-

stances (as shown in the results section). To overcome this

problem, Gumbau et al. [15] propose to use a number of lay-

ers that contain shadowing information for occluded objects.

On the other hand, they still rely an computationally expen-

sive “blocker search” estimation.

More recently, Schwrzler et al. [20] propose to exploit

temporal coherence to determine which shadows need to

be recalculated assuming typical viewer and objects’ move-

ments in scenes. This technique is complementary to other

shadowing methods for improving rendering times by min-

imizing shadow computations. Sintorn et al. [22] present

a method for compressing massive shadow maps (256K

×256K) using a sparse voxel octree. Although this technique

allows for rendering high-quality soft shadows in real time,
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it only works for precomputed shadows and hence it is not

suitable for fully dynamic scenes.

To further explore the most significant soft shadowing

techniques, we recommend the reader the survey by Hasen-

fratz et al. [16], and the book Real-Time Shadows by Eise-

mann et al. [11] which greatly offers both theoretical and

implementation details.

3 Algorithm overview

The improvements of our algorithm over the classical PCSS

are based on applying the divide and conquer paradigm. Since

the PCSS is based on the application of two heavy-weighted

filters (for computing the blocker search and for filtering the

shadows), we aim to improve performance by converting

those filters into separable filters, thus reducing the computa-

tional complexity by one order of magnitude from O(n2) to

O(n + n) and, hence, improving performance. As discussed

later, due to the fact that the process is not always separable

for all cases, two user-defined thresholds are specified, defin-

ing the maximum allowed error. These error thresholds are

called α and β. Algorithm is carried out in four conceptual

steps:

1. Horizontal Blocker Computation Computes horizontal

blocker distance only in the shadow map X axis.

2. Blocker Computation Computes blocker distance, using

data computed in the previous step with threshold α to

determine data reutilization.

3. Horizontal Soft Shadow Computation Computes soft

shadows horizontally from hard shadow map in screen

space.

4. Soft Shadow Computation Computes soft shadows, using

data computed in the previous step and threshold β to

determine data reutilization.

To minimize the amount of different rendering operations,

the conceptual stages 2 and 3 are carried out in one single

rendering step, performing all the calculations in only 3 steps

in practice (Fig. 1). See algorithm in Table 1 for more details.

4 Separable soft shadow mapping

Just like PCSS, our algorithm is divided into two steps. First,

the average distance to the blockers (blockeraverage) is com-

puted as follows. Let p be the pixel being shaded and let d

be the distance to the light source. Also, let dm(s, t) be the

function used to access to the depth map at coordinates (s, t).

Then, the blocker average is calculated as:

blockeraverage(p) =
blockersum(p)

blockercount(p)

blockersum(p) =

n/2∑

y=−n/2

n/2∑

x=−n/2

dm(x,y)<d

dm(x, y)

blockercount(p) =

n/2∑

y=−n/2

n/2∑

x=−n/2

dm(x,y)<d

1

The evaluated area is determined by n, which depends on

the size of the light source and the distance d. For a spe-

cific point p, given n neighboring pixels in the vertical axis

(p−n/2, p−n/2+1, . . . , p0−1, p0, p0+1, . . . , pn/2−1, pn/2),

all of them located at the same distance d, we can rewrite

the blocker search computation for a point p0 as:

blockeraverage(p0) =

n/2∑

t=−n/2

partial_blockersum(pt )

partial_blockercount(pt )

partial_blockersum(pt ) =

n/2∑

x=−n/2

dm(x,t)<d

dm(x, t)

partial_blockercount(pt ) =

n/2∑

x=−n/2

dm(x,t)<d

1

This reformulation allows to divide the problem in two

sequential steps (horizontal and vertical) reducing the com-

putational cost from O(n2) to O(n + n), in the same way

that a split Gaussian filter applied to an image reduces cost.

However, this filter separation is only applicable for points

that share the same distance to the light source and, therefore,

would be only applicable to a limited amount of cases in prac-

Fig. 1 Hard Shadow Map, intermediary steps and final image. From

Left to Right HardshadowMap, Horizontal Blur, Soft Shadow Map and

Final image. Right image shows final Soft Shadow results without com-

bining with ColorMap, uses left images as input and a vertical blur has

been applied. In this case m = 14, so 41 × 41 samples are used, and

weights are computed from a gaussian N (0, 0.5)
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tice. To relax this condition and then increase performance,

we define a threshold α that determines the amount of error

between the distance d (from p0 to light source) and the dis-

tance dt (from other points pt to light source). Then, if |d −

dt | < α, we consider that the data are reusable. Increasing α

allows for more data to be reused and then better performance

is achieved; however, less accurate results are obtained. Once

blockeraverage is computed, penumbra of size m is computed

in the second step using Eq. 1. Given a pixel p and its distance

to the light source dl , this step computes the percentage of

depth fragments that occlude the pixel p in the screen-aligned

rectangle area centered at p with size m.

soft_shadow(p) =

m/2−1∑

y=−m/2

m/2−1∑

x=−m/2

dm(x,y)<dl

1/(m ∗ m)

Once again we can rewrite this formulation as:

soft_shadow(p) =

m/2−1∑

t=−m/2

dm(x,t)<dl

partial_soft_shadow(pt )/m

partial_soft_shadow(pt ) =

m/2−1∑

x=−m/2

dm(x,t)<dl

1/m

This step is split into two sub-steps that compute the hor-

izontal and vertical soft shadow contributions. The vertical

soft shadow step uses the horizontal soft shadow values if

and only if the distance between pixels (camera depth dis-

tance) is lower than a user-defined threshold β. This distance

is modified taking into account the normal of the pixel p. If

it is not possible to reuse data, then it is mandatory to access

the depth map to get the appropriate depth values.

4.1 Blocker search

PCSS computes blocker distance by brute force. Figure 2

illustrates this process for a given pixel x. In this case, a

bias of 1 has been taken into account, 20 samples are used

(which depth is lower than 14), that sums 163, so blocker

distance estimation is 163/20 = 8.15, then penumbra =

wlight ∗ (15 − 8.15)/8.15 ≈ wlight ∗ 0.84.

We propose to split the Blocker Search stage into two

steps (horizontal and vertical). The first step determines the

occluders for each fragment and computes the average of

the depth values horizontally on a n × 1 area. The sec-

ond step (vertical) filters the information of 1 × n reusing

these values to calculate the average for the whole filtering

area. However, in some cases, this information is consid-

ered as not useful, since fragments are discarded depend-

ing on their relative distances. In these cases, the results

of the horizontal step are discarded and the correspond-

ing n × 1 area is entirely evaluated. Finally, this informa-

tion is used in Eq. 1 to estimate the size of the filtering

area, and hence the size of the penumbra. Figure 3 illus-

trates this process for a pixel x. The resulting buffer is

filled with three values: light depth, sum of blockers and

count of blockers. Horizontal blocker search is computed

for every pixel, but results are only shown for relevant pix-

els.

Then, a second stage computes final blocker distance

(see Fig. 4). Blocker distance is computed from horizon-

tal blocker buffer. First, for each pixel, it computes coordi-

nates in screen space, and determines which pixels must be

used to compute the blocker distance. Second, it retrieves

data from these pixels and determines if data are reusable

evaluating distance |d − dt | < α, else retrieves the appro-

priate data from light depth map. For example, upper ele-

ment is discarded due to its distance, two units from pixel

x, and light depth map is accessed. Finally, 17 samples

are used, sums 130, and blocker distance estimation is

130/17 = 7.65 penumbra = wlight ∗ (15 − 7.64)/7.64 ≈

wlight ∗ 0.96.

For the given pixel, PCSS estimation is penumbra = 0.84,

applying our algorithm penumbra = 0.96. Penumbra Error

Computation section presents a study of penumbra error.

4.2 Blurring the hard shadows

The information calculated in the previous step determines

the size of the filtering area. The closer the potential blockers

12 2 2 3 3 4 12

13 13 2 2 3 13 12

13 13 13 2 14 14 13

14 14 14 15 14 14 13

14 14 15 15 14 14 14

14 15 15 16 15 14 14

14 15 16 16 16 15 14

Fig. 2 PCSS blocker search calculation sample. Left scene used as

example, marked with a X the pixel for which the blocker search is

computed. Middle light-space depth map, brighter pixels represent far

distances, darker pixels represent near distances, the rectangle repre-

sents the area that must be evaluated for the given pixel. Right depth

map values used by the centered pixel

123



Separable soft shadow mapping

Fig. 3 Separated PCSS blocker

horizontal stage sample
Sum Count

12 2 2 3 3 4 12 14 5

13 13 2 2 3 13 12 7 3

13 13 13 2 14 14 13 2 1

14 14 14 15 14 14 13 13 1

14 14 15 15 14 14 14 0 0

14 15 15 16 15 14 14 42 3

14 15 16 16 16 15 14 28 2

13

Depth Pixel

14

14

15

15

16

16

Fig. 4 Separated PCSS blocker

vertical stage sample, α is set

to 2

Depth Sum Count

13 14 5

14 7 3

14 2 1

15 13 1

15 0 0

16 42 3

16 28 2

12 2 2 3 3 4 12

Total Sum = (12+2+2+3+3+4+12) + 

7 + 2 +13 +0 + 42 + 28

Total Count = 7 + 3 + 1 + 1 + 0 + 3 + 2

Penumbra = 130 / 17 = 7.64

15

are to the current depth, the smaller and harder the soft shad-

ows, and viceversa. In the case that no potential blockers

were found in the previous step, it is considered as being

totally illuminated. Blurring the hard shadows is done in

screen space.

We propose to separate the hard shadow blurring step into

two separate steps: horizontal and vertical, similarly to the

method used in Blocker Search step. However, this stage

operates on the screen buffer rather than on the shadow map.

The first step calculates the average of fragments in the hor-

izontal direction performing m samples. The second step

searches information on vertical area performing another m

samples on the results of the horizontal step. If the current

fragment falls inside the allowed threshold β, then the infor-

mation from the former step is reused, otherwise the shadow

map is directly sampled to retrieve the missing data to com-

plete the filtering step. In some cases, it is not possible to

perform the filtering operations, such as in the upper and

bottom borders of the screen, which would need information

that falls out of the screen. This problem is inherent to the

family of screen-space algorithms. Figure 1 shows blurring

process steps.

Although the conversion of both stages into separable fil-

ters provides a theoretical reduction of the computational

complexity in one order of magnitude from O(n2) to O(n +

n), this is not true for all cases. Depending on the thresh-

old error β, we can balance the quality-performance trade-

off.

4.3 Algorithm implementation

Our algorithm computes the soft shadows in four different

rendering steps (see Table 1). First, the scene is rendered from

the light source and the results are stored in the depth map.

In the next step, the blocker search is computed horizontally

(partial_blockersum and partial_blockercount ). The third

rendering step finishes computing Blocker Average applying

the reutilization schema based on the α value. Penumbra val-

ues are computed for every pixel. The Hard Shadow map is

filtered horizontally using the previously calculated penum-

bra size. The next step computes Soft Shadow map reusing

information coming from previous step, and using thresh-

old β. The last rendering step mixes Soft Shadow map with

Color map (computed in step 1) to produce the final image

(Fig. 5).

4.4 Mean filter vs. Gaussian filter

Both PCSS and the prefiltering methods use the mean for

computing the soft shadows. ESSM performs a mean filter

over a circular area but PCSS and VSSM use a rectangular

one in contrast. In these cases, the generated shadow appears

aligned to the depth map, which is justified by assuming a rec-

tangular light source. Our algorithm can be configured to use

any separable filter; however, since SSSM is screen aligned, a

rectangular filtering would produce unpleasing visual results.

Therefore, we have chosen to use a Gaussian filter, because
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Table 1 SSSM algorithm

Create DepthMap

Create DepthMap rendering from light source

Step1: Render Scene. Compute partial blocker

Render Scene, computing:

HardShadowMap, accessing DepthMap

Others maps (Normal, WorldPosition and Color)

Blocker Info Map, computed horizontally:

partial blockersum

partial blockercount

Step2: Compute Blocker Average. Blur Horizontally

Compute Blocker Average

for each (y point)

get Blocker Info

if distance < α

uses it

else

for each (x point)

get data from DepthMap

Compute Penumbrae Size

if (penumbra == 0)

soft shadow value = hard shadow value

Compute Blur HardShadow horizontally

Step3: Compute Soft Shadow. Show final image

Compute Soft Shadow

for each (y point)

get Blur HardShadow

if distance < β

uses it

else

for each (x point)

get data from HardShad-

owMap

Render final image mixing SoftShadow and ColorMap

it is still separable (like the mean filter) and it emulates a

circular area light source, removing the undesired alignment

issues (see Fig. 5). Using a Gaussian filter involves weight-

ing the samples accordingly and does not affect performance

(Figs. 6, 7).

5 Results

This section shows the results of our method by analyzing the

obtained performance comparing it to other methods while

evaluating the visual error introduced by the user-defined

thresholds (α and β). All tests use 1,024 × 1,024 shadow

maps (Fig. 1) rendered to a 1,280 × 720 HD viewport, run-

ning on a GeForce GT 555M (drivers v314.07), and an Intel

Core I7-2670QM @2.20 GHz CPU.

5.1 Performance

We have chosen the plant scene (Fig. 8) for all test compar-

isons (performance, penumbra error, image quality). The per-

formance achieved with our algorithm is better than the base

algorithm (PCSS). Moreover, using the appropriate thresh-

olds, our algorithm is able to get better performance than

ESSM without compromising the visual quality of the shad-

ows.

In the test scene, PCSS (29×29/41×41) obtains 4.52 fps

while ESSM (H = 4) runs at 8.02 fps. In the same scene,

SSSM (29 × 29/41 × 41) obtains the same rendering perfor-

mance as ESSM by setting the thresholds to α = β = 0.02

(8.12 fps). However, using more reasonable values for the

thresholds (α = β = 0.10), the performance is greater to

both ESSM and PCSS (see Fig. 6). Table 2 shows the results

for a 1,024 × 1,024 depth map, while Table 3 shows the

results for 4,096 × 4,096 a depth map. Table 4 shows per-

formance comparison between PCSS and SSSM. Note that

SSSM achieves higher performance when high-quality filters

are used.

Our performance results show how performance depends

on kernel sizes for each different approach. Using small ker-

nels is the worst scenario for our technique, since the cost

of adding different rendering steps is greater than the bene-

fits we obtain. In this case, our cost is comparable with the

brute force approach (PCSS). SSABSS on the other hand

is the winner in this scenario, since it requires less render-

ing steps. With medium-sized kernels, our rendering perfor-

mance is comparable with SSABSS depending on the reuti-

lization parameters used. However, the usage of large ker-

nels fully exploits the benefits of our technique, being able

to provide high-quality smooth penumbrae while maximiz-

ing rendering performance. Figure 9 shows the differences

in rendering quality using large filtering kernels compared

to small kernels. The necessity of using large filtering ker-

nels depends on each single scene/camera/light configura-

tions. Large light sources would require larger penumbrae

and larger filters. Also, certain camera/light configurations

would require high-quality shadow filtering when rendering

penumbrae at grazing angles.

Finally, it has be mentioned that, according to Tables 2

and 3, rendering step 2 is more computationally expensive

than the other steps. This is produced as a consequence of

putting together two different steps in the same rendering

step as shown in the algorithm in Table 1.
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Fig. 5 Mean vs. Gaussian filter

comparison. Left image

rendered with mean filter

produces screen space alignment

artifacts. Right image rendered

with gaussian filter, which

forces precomputed weights

Fig. 6 PCSS, ESSM and

SSSM visual comparison in

Plant Scene. SSSM uses

α = β = 0.10

PCSS 29 × 29/41 × 41 (4.52 fps) ESSM H = 4 (8.02 fps)

SSSM 29 × 29/41 × 41 Mean Blur

(12.51 fps)

SSSM 29 × 29/41 × 41 Gaussian Blur

(12.51 fps)

(a) (b)

(d)(c)

Fig. 7 Artifacts produced by a high threshold. From Left to right Col-

ored α = β = 0.10. Soft shadow map α = β = 0.10, α = β = 0.15

and α = β = 0.20. Increasing threshold produces artifacts at the border

of floor with leaves. Leaves from floor are also affected when threshold

is set at 0.20

5.2 Penumbra error computation

In this section, we evaluate the penumbra error generated

using different values for the α parameters. Table 5 shows

the average error in texels2 introduced at the penumbra cal-

culation step, which is around half texel for a 1,024 × 1,024

shadow map and α = 0.10. We consider this error very low

taking into account the benefits obtained by the method. Fig-

ure 10 shows different reutilization levels for the plant scene.

5.3 Image quality analysis

To determine the quality of the shadows generated by our

method, we compare our results with PCSS (because it is a
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Fig. 8 Scene used to evaluate performance, penumbra error and image

quality

Table 2 Rendering times in milliseconds for plant scene, and varying

α and β values

α β Depth map size 1,024 × 1,024

0.01 0.10 0.15 0.20 0.50

DM 0.46 0.46 0.46 0.46 0.46

Step1 13.67 13.71 13.92 13.81 13.60

Step2 41.23 34.70 32.42 30.53 24.86

Step3 73.29 33.03 23.88 19.30 9.19

Total 128.21 81.45 70.22 63.65 47.66

fps 7.80 12.27 13.84 15.71 20.98

SSSM configuration is 29 × 29 for blocker search and 41 × 41 for blur

shadows

well-known method), ESSM (because it is the latest proposal

in the literature for prefiltered soft shadows) and ground truth

(most realistic). Since our technique is compatible with any

separable filter, we have tested mean filter (because it is used

on most shadow techniques) and Gaussian filter (because it

produces visually pleasing results). However, as discussed

in Sect. 4.4, it would be preferable to choose the Gaussian

filter for best results when working with SSSM (see Fig. 6).

A comparison is shown in Fig. 13. Resulting images are sim-

ilar except at the edges, where increasing α and β values

also increase these errors. Table 6 shows numerical data for

these images (light size = 0.4) and for an extra large light

size (0.10). This error analysis has been carried out comput-

ing PSNR and SSIM taking as reference ground truth image.

From PSNR and SSIM analysis, we can conclude than SSSM

gets worse results than PCSS, but the final image has enough

quality.

The SSSM parameters α and β determine the amount of

data reutilization between the horizontal and vertical filtering

steps. The higher values allow for faster but more error is

introduced in the results and viceversa. As it can be seen in

Table 3 Same configuration previous table, but increasing depth map

size to 4,096 × 4,096

α β Depth map size 4,096 × 4,096

0.01 0.10 0.15 0.20 0.50

DM 2.04 2.05 2.04 2.04 2.06

Step1 22.72 22.54 22.77 22.48 22.77

Step2 52.98 39.38 36.37 34.37 26.36

Step3 86.28 37.41 26.93 20.04 10.06

Total 161.99 99.34 86.08 76.89 59.20

fps 6.17 10.06 11.61 13.05 16.89

Frame rate does not decrease drastically increasing depth map size

Table 4 Performance comparison in FPS between PCSS, SSSM and

SSABSS varying filter size

PCSS

7/15 11/21 29/41

47.52 23.90 4.85

SSABSS

β 7/15 11/21 29/41

0.01 81.75 37.55 6.74

SSSM

α β 7/15 11/21 29/41

0.01 39.59 17.81 9.15

0.10 48.36 28.80 15.67

0.15 49.34 31.50 17.90

0.20 49.71 33.52 19.20

0.50 51.12 34.75 21.88

Depth map size is 1,024 × 1,024 and rendering viewport is 1,280×960

Fig. 7, if the β thresholds are too high, the process produces

wrong results for some pixels between the boundaries of the

leaves and the ground (ghosting) (see Fig. 13). Therefore,

these values must be carefully chosen depending on the scene

as a trade-off with the rendering performance.

We have tested the visual quality of the shadows generated

by SSSM in different scenes, supporting even multiple light

sources with different parameters (size, color and thresholds)

seamlessly as shown in Fig. 11.

Finally, Fig. 12 illustrates the advantages of our technique

compared to the state-of-the-art of screen space shadow map

filtering techniques (SSABSS). SSABSS uses a bilateral fil-

tering approach which is able to preserve shape borders and

contours avoiding filtering unrelated shadow areas. However,

as seen in this figure, SSABSS fails at rendering continuous

smooth penumbrae in certain cases where the edges of hard

shadows are near a depth discontinuity (object occlusion) in

screen space or near the viewport limits.
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Fig. 9 Image quality

comparison with different kernel

sizes

15 × 15 filter size

41 × 41 filter size

(a)

(b)

Table 5 Penumbra error Mean Squared Error (MSE) in texels2

varying α

α Penumbra filter size

7 × 7 11 × 11 29 × 29

0.01 0.452 0.436 0.433

0.10 0.540 0.532 0.534

0.15 0.572 0.568 0.575

0.20 0.614 0.630 0.647

0.50 0.815 0.986 1.131

Table 6 PSNR and SSIM values for PCSS and SSSM (different α = β

values), taking as reference Ground Truth image

PSNR SSIM

0.04 0.10 0.04 (%) 0.10 (%)

PCSS 35.15 34.30 99.14 98.72

SSSM 0.01 31.23 30.82 98.05 97.44

SSSM 0.10 28.57 26.68 97.11 95.81

SSSM 0.15 27.93 25.89 96.84 95.38

SSSM 0.20 27.79 25.71 96.79 95.31

SSSM 0.50 27.78 25.73 96.80 95.41

These two metrics have been computed for two light sizes 0.04 (default

light size) and 0.10 (extra large light size)

Fig. 10 Reutilization

percentage representation in

penumbra computation process

for α = 0.01 and α = 0.10.

Black means no reutilization,

white 100 % reutilization
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Fig. 11 Our technique working

with light sources of different

sizes. Rendering time is linear to

the number of lights. The frame

rate obtained with 1, 2 and 3

lights is 34.9, 18.7 and 12.5,

respectively

Fig. 12 Failure case scene for

SSABSS (middle). Our

algorithm (bottom) is able to

better produce smooth

penumbrae in the same case.

Zooms over the affected area are

shown in the right column

Hard shadows

SSABSS

SSSM

(a)

(b)

(c)

123



Separable soft shadow mapping

Fig. 13 Image quality

comparison, filter size is

29 × 29/41 × 41. Ground Truth

image has been generated

rendering 41 × 41 light sources

weighted by the same Gaussian

distribution than PCSS and

SSSM
Ground-Thruth PCSS Gaussian Filter SSSM α = β = 0.01

SSSM α = β =

0.10

SSSM α = β =

0.15

SSSM α = β =

0.20

SSSM α = β =

0.50

(a) (b) (c)

(g)(f)(e)(d)

6 Limitations

Although our method improves rendering speed over other

methods, as shown in the previous section, it also has some

limitations. First, since the shadow blurring step is performed

in screen space, it works better for flat surface rather than

bumpy surfaces and, depending on the parameters, it can pro-

duce ghost artifacts around near objects as seen in Fig. 13.

However, our algorithm takes into account the surface orien-

tation and the distance of the samples to minimize rendering

errors. Another limitation is the need to adjust user-defined

parameters α, β that may depend on the configuration of each

scene.

7 Conclusions and future work

Soft shadows are physically produced by area light sources.

Rendering realistic soft shadows in real time is a costly

process and it is still an open research field by itself. Approxi-

mating penumbrae using point light sources rather than using

area light sources allows to reduce the computational cost of

this process while generating visually plausible soft shad-

ows. We have proposed a novel technique for estimating and

rendering soft shadows that reduces the computational cost

of traditional methods from O(n2) to O(n+n). SSSM can be

considered a different branch of soft shadowing algorithms

based on PCSS, since it does not use prefiltering like CSSM,

VSSM or ESSM. As a consequence of avoid prefiltering the

depth-map, our technique scales better when high-resolution

depth maps are used. Finally, compared to the state-of-the-art

in screen space soft shadow mapping (SSABSS), our algo-

rithm is able to better produce smooth penumbrae near depth

discontinuities or near the viewport limits, where shadow-

ing information is not present in screen space, and at the

same time maximizes rendering performance for large filter-

ing kernels.

We have analyzed how the visual error depends on the

user-defined threshold and how that improves rendering per-

formance. The SSSM algorithm allows to use larger fil-

ters while increasing the rendering performance, producing

smoother penumbrae in real time.

As future work, we propose to evaluate our algorithm by

merging it with other orthogonal techniques such as Per-

spective Shadow Maps, Adaptative Shadow Maps, Cascade

Shadow Maps, Cube Shadow Map or with algorithms that

exploit temporal coherence between frames. It can be also

interesting to better reuse information between the blocker

search and the blur shadow steps and, finally, minimize the

limitations of our method as described in the previous sec-

tion.
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