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Abstract: This paper introduces a new approach for optimum auto exposure (AE) based on the high-dynamic-range
histogram (HDH) of a scene. The exposure control is optimal in terms of recorded information of the scene. The
advantages over AE based on mean values of images will be shown as well as a proof of concept implementation
and results. Futhermore possible extensions to this approach are discussed. The consideration of the HDH for
auto exposure enables new possibilities for auto exposure control for mutliple-slope cameras. An AE method for
multiple-slope cameras is proposed which controls exposure as well as the transition curve parameters in order
to record a maximum of information from the scene. It considers controllable dynamic range as well as corse

quantization in bright image regions.
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1 Introduction

Luminous intensities vary from 0.001 I;—% (star light) to

up to 100, 000;—‘; (sunlight) such that the illumination
in natural scenes reach a dynamic range dj, of d, =
100:000 — 100, 000, 000 or 20 lg(dy) = 160 dB.

The dynamic range dc,m of typical digital camera
lies in the range of 55 dB. dcam is limited by the sig-
nal independent noise level cpy of the camera on the
lower end, and saturation capacity cpax of the pixel on
the upper end. The dynamic range dg,m of a camera
is always much smaller than the range dp of natural
illumination levels.

Therefore the camera must be automatically
adapted to the surrounding illumination level, just as
the human eye is adapted to surrounding illumination
level by the iris (fast) or the adaptation of the cones
and rods (slower). This process is called auto expo-
sure (AE) or auto gain, depending on the parameter
that is changed in the camera in order to adapt it.

Additionally the dynamic range of a camera is
typically even smaller then the dynamic range within
one scene. AE is therefore always a trade-off. On the
one hand the signal might sink below the noise level
Cmin resulting in underexposure. On the other hand the
pixel value might be clipping due to limited saturation
capacity cmax Of the pixels resulting in overexposure.

In this paper we present an optimal auto exposure

algorithm in terms of recorded information. Informa-
tion from the scene gets lost whenever either under-
or overexposure occurs. Minimizing both via auto ex-
posure is therefore considered to be optimal.

So called multiple-slope cameras additionally
feature a quasi piecewise linear transition curve with
controllable kneepoints. The dynamic range of these
cameras may be increased by using this feature sacri-
ficing fine quantization in bright parts of the image at
the same time. The camera cannot be considered lin-
ear anymore, traditional auto exposure algorithms fail.
We present a new approach for optimum auto expo-
sure with kneepoint control. We take under- and over-
exposure, variable dynamic range as well as raised
quantisation noise in bright image parts into account.

2 Auto Exposure for linear camera

Cameras not operated in multiple-slope mode can be
considered to be linear: the input brightness b is
propotional to the output value c of the pixel.

c=ab (D)

The auto exposure for a linear camera modifies
the slope « of the transition curve in order to match
the brightness levels within the scene. In the case of
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traditional AE algorithms « is adjusted according to
the mean brightness of the scene.

Modifying « is equal to shifting the dynamic
range d¢ym over the high dynamic range histogram
p(b) (HDH) of the brightness levels (see fig. 1), if
we plot the HDH in a logarithmic scale for b,

p(b)
clipping
clippin B s
pping
-5 8
star light logso (b) sun light

Figure 1: High dynamic range histogram p(b) of the
scene

The dynamic range dc,, of the camera is not de-
pending on the slope « of the transition curve: Defin-
ing bmin and by« as the values where the camera ouput
reaches cpiy and cpax respectively for a fixed o we get:

deay = Cmax _ bmax _ bimax )

Cmin bmin bmin

Taking the logarithm of b we get an interval of
constant width which is shifted over the logarithmic
HDH by changing a:

Cmax
log(dcam) = log( Cmil ) = log(cmax) - log(cmin)
min
= log(abmax) - 1Og(O‘bmin) 3)

In order to choose an optimal « in terms of maxi-
mum recorded information we must minimize under-
and overexposure. This is identical to maximizing
the integral over the HDH within the bounds of the
dynamic range d¢,m of the camera. The integration
bounds can be expressed as functions of the slope «,
thus resulting in an optimal slope: by, = ome

deam
Cmax

deam? bmax = Cmax:

bmax QCmax
max/ p(b)db = Inax/ p(b)db  (4)

bmax bmax Cmax
dcam dcam

3 Auto Exposure for multiple-slope
camera

When digital cameras are used, that feature a multiple-
slope transition curve, the dynamic range dgom of the
camera may be modified. The dynamic range dcqm
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depends on the slopes of the camera. Considering a
camera with a single controlable kneepoint in the tran-
sition curve (two linear segments), the kneepoint can
be parameterized by a slope scaling factor s € [1, oo|
und a height 5 € [0, 1].

The factor s is the ratio between the slope o, of
the first linear segment and the slope «; of the second
one: ap = 22, Due to the technical realization of
the multiple-slope feature in CMOS sensors, the slope
of the transition curve can only be lowered at a knee
point. This leeds to the lower bound for s: s > 1.

The height 3 indicates the sensor output level
CLevel at Which the transition curve switches from one
slope to the other: cpevel = FCmax-

Only the second part of equation (2) still holds in
the case of multiple-slope camera mode:

bmax Cmax
dcam,slp — ?é = dcam,lin (5)
bmin Cmin

We assume that the minimum input brightness
bminsip falls into the first linear segment of the tran-
sition curve: byinsp = CC‘;‘;“ (see equation (1)). The
maximum input brightness bpaxsip cannot be calcu-
lated according to equation (1), as the camera is not

linear any more. by,xs1p can be calculated as

CLevel T Cmax — CLevel
Qg (67
SCmax + (1 - S)CLevel

= (6)

Qq

bmax,slp -

The dynamic range of the multiple-slope camera
can now be given as a function of s and 3:

b 1—
dcam,slp(37 ﬁ) - max — 8 Cmax 1 ( S) CLevel

min Cmin
= (-8 +8 ™

The minimum dynamic range range is reached
with a linear slope (s = 1).

According to equation (4), the most simple solu-
tion to maximize the recorded information is to op-
erate the camera with the maximum dynamic range
possible. This leeds to the maximation of the interval
width for the integration und thus to the maximation
the integral. Due to changes in quantization, this is not
the optimal AE for cameras operated in multiple-slope
mode.

The quantization Ab of the input brightness b
raises with lower slope « for linear cameras. It is con-
stant across the whole dynamic range of the camera.
Using a sensor with n bit output, we get 2" quantiza-
tion levels, thus
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Ab — bmax _ lcmax (8)
2n a 2"

For a multiple-slope camera the quantization Ab
depends on the segment of the transition curve. The
quantization Ab, in the first segment is equal to the
quantization of the linear camera: Ab, = a% “ax, The
quantization Aby, in the second segment shows a sim-

ilar behaviour:

1 cmax S Cmax
Aby = — = — =sAb 9
b ap 2" 0, 2" 5 A0gq 9

The quantization step (and quantization noise at
the same time) raises with the ratio s of the slopes.
This effect has to be taken into account in equation
(4) for the optimum AE control. Let by ey = O%cmax
be the brightess level, at which the recording switches
from the first to the second slope segment for a spe-
cific camera setting. We can pose the optimum AE for
multiple-slope cameras as a modified constraint opti-
mization problem:

bLevel bimax
max (/ p(b)db + s_m/ p(b)db)
bmax ,S,bLevel bLevel

bmin

bLevel brmax
— max / p(b)db+ 5™ / p(b)db | (10)
aa,s,ﬁ Cmin bLevel

Qa

3(1 — /B)Cmax + Bemax

with bmax =
Qg
m € [0, 1],

with the constraints
a, > 0 (11
s > 1 (12)
B > Cmin (13)

Cmax

g <1 (14)

The modified quantization in the second segment
is taken into account by the weighting factor m €
[0,1]. The constraint (13) forces the height 5 of the
kneepoint to be greater than the noise level.

4 Generation of the HDH

The camera itself is used to generate the HDH. Taking
the histogram of a single image as the HDH restricts
the dynamic range of the histogram to the dynamic
range of the camera. We combine several images of
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the same scene with different exposures in order to
extend the dynamic range of the HDH. This leeds to
a HDH with a dynamic range that covers the entire
dynamic range, the camera is able to record using all
different exposure settings. This is achieved by in-
cluding the minimum and maximum camera exposure
into the exposure series.

We consider the camera to be linear. This holds
true only for output values of the camera which are
neither dominated by noise (¢ < c¢yjp) nor by satura-
tion effects (¢ > Cmax > Cmax). The upper bound Cpax
for the linear operation is lower then the saturation ca-
pacity cmax because saturation effects are already ap-
parent before the maximum value cp,y is reached [1],
[2].

Defining the co-domain for equation (1) leeds to

C= Oéb, Ve e [Cmin; Emax} (15)

We only want to combine the linear ranges of dif-
ferent exposures (cpin < ¢ < Cmax)- This means that
we have to choose the subsequent exposures such that
the linear ranges touch or even overlap each other.
Starting from the maximum exposure 7 we would
like to calculate the next exposure 77 which exactly
touches the linear range:

b — Cmax _ Cmin _ Cmin
- - T
ar, o gFar,
Cos
o= Toz=— (16)
Cmax

As an example we consider a VGA-resolution
digital camera with rolling shutter. The exposure T’
may be varied over a range of 1 to 7Ty = 480 lines.
Thus the slope « of the linear camera may be mod-
ified from oygy to o = ﬁa%o. The normalized
camera output values are supposed to be in the range
[0, 1] with added signal independent noise of 1%, re-
sulting in ¢y, = 0.01. The saturation effects are
assumed to begin at 95%, thus cpix = 0.95. Ac-
cording to equation (16) 7 should be set to at least
T = L480%J = 6. This means that a maximum of
three images is sufficiant to cover the whole dynamic
range of the camera in this example.

5 Results

We tested our new exposure control method for a lin-
ear camera using a high dynamic range lab scene. The
results were compared to the performance of a mean
value based AE. The scene content is visualized in the
two images of figure 2.

The high dynamic range histogram (HDH, fig. 3)
is calculated from different recordings of that scene.
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(a) over exposed image to ren- (b) under exposed image to ren-

der dark regions der bright regions

Figure 2: Images from a high dynamic range lab scene

Note that the x axis represents absolute brightness
levels in logarithmic scale rather then relative lumi-
nances. The brightness levels in the HDH are given
in arbitrary units, as brightness levels are to be known
only up to a constant factor for AE.
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Figure 3: High dynamic range histogram (HDH) of
the scene from figure 2 generated from multiple expo-
sures

In figure 3, we added the dynamic range of the
camera for two different exposure levels (see eq. (3)).
This illustrates that the dynamic range dg. of the
scene is greater than the dynamic range d¢um of the
camera. Therefore choosing an exposure for record-
ing this scene is always a trade-off.

Given the HDH we can calculate the integral ac-
cording to equation (4). In figure 4 the value of the
integral is plotted as a function of the exposure time
T.

The maximum of the integral is reached at an
exposure time of Typy ~ 1.8ms. For T' = Typy
we solved the optimization problem (4). This means
that a maximum number Ny, of pixels of the im-
age is well exposed when the exposure time is set to
Tapy ~ 1.8ms for this scene.
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Figure 4: Integral over the HDH with varying expo-
sure time, results of the proposed AE method (blue
cross) compared to mean value based AE (red circle)

A simple mean value based AE control tries to
modify o such that the mean value ¢ of the image
is equal to about half the maximum output amplitude

!

C = Cmean = C‘“f This mean based AE leads to an
exposure time of about Tiean ~ 1.05ms. From figure
4, we see that only 77% of the maximum number of
well exposed pixels are well exposed choosing expo-
sure time Tyean. AE control based on the mean value
tries to balance over- and underexposure whereas our
method maximizes well exposed pixels. The approach
of balancing over- and underexposure is not optimal
for high dynamic range scenes as we loose details both
in bright and in dark image regions. We could easily
reach T' = Typy with a mean value based AE con-
trol by either adapting the target mean value cyean OF
modifying the mean value calculation ([3], [4], [5],
[6], [7]) to scene specific optimum. However adapt-
ing the AE method to every single scene corresponds
to the removal of the ”auto” term from “auto exposure
control”.

The different shifts of the dynamic range of the
camera in the HDH are also displayed in figure 3: the
red interval shows the captured dynamic range using
AE control based on mean value. The blue interval
shows the captured dynamic range using our AE con-
trol method based on the HDH. The dynamic ranges
themselves are equivalent as we are using a linear
camera (eq. (2)).

We use a local adaptive technique to map the cam-
era output values c to display values in order to visu-
alize camera images. The results are shown in figure
5,6and 7.
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Figure 5: Image captured using mean value based AE,
all details in dark regions lost (local adaptive tech-
nique used to visualize high dynamic range image)

i

Figure 6: Image captured using the proposed AE con-
trol based on HDH, details in dark regions partly vis-
ible (local adaptive technique used to visualize high
dynamic range image)

6 Conclusion and future work

We propose a new approach to auto exposure (AE) for
digital cameras. The exposure choosen by our method
is optimal in terms of recorded information. The cam-
era is controlled such that a maximum number of pix-
els of the image are well exposed. This results in more
recorded information than the over- and underexposed
balancing approach of mean value based AE control
methods. A mean value based AE control might reach
the same amount of recorded information but needs
manual adaptation to a specific scene.

Experimental results show that we can raise the
number of well exposed pixels by 28% compared to a
simple mean value based AE control for a high dy-
namic range scene. Futhermore we can avoid the
trade-off between control speed and oscillation from a
AE control loop, as the optimum exposure is directly
calculated from the HDH in one step.

An AE and slope control for multiple-slope cam-
eras is proposed based on the HDH of the scene. The
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(a) mean based AE

(b) HDH based AE

Figure 7: Comparison of information contend in crops
of images from mean value based AE and HDH based
AE

possibility of enlarging the dynamic range as well as
the lost of quantization accuracy is considered in this
new approach.

Future work will comprise the realization of the
control system for multiple-slope cameras as de-
scribed in this paper as well as extensions to the mea-
sure of recorded information. Currently the number of
well exposed pixels is counted and used as measure of
recorded information. The information measure will
be extended to take local information into account e.g.
using local variances.
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