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Natural illumination in buildings 
is characterised by huge 
spatial and temporal 

variation



Simulation of daylight exposure 
Point in time



Computer simulation of a gallery space with rooflights 
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Illuminance [lux] luminance [cd/m2]

First need to compute the light falling onto surfaces before we can 
compute the brightness of those surfaces



Simulating the long-term exposure of 
an art work to daylight 

Climate-Based Daylight Modelling 
(CBDM)



CBDM

Is the prediction of any luminous quantity 
(illuminance and/or luminance) using realistic 
sun and sky conditions derived from 
standardised (or monitored) climate data, e.g. 
weather files.

Usually for a full year.



Analysis of daylighting conditions on Hambletonian and the 
Stone Staircase, Mount Stewart

Preliminary report of findings

12th March 2012
Cannon-Brookes Lighting & Design and De Montfort University

Mount Stewart, Belfast, NI



Hambletonian, Rubbing Down

George Stubbs, RA (1724-1806)
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Predicted annual dosage

Simulation using a 3D model of the Staircase 
was undertaken using cumulative averaged 
sky data to generate annual dosage predic-
tions across the surface of Hambeltonian and 
adjacent surfaces. Reflectance and transmission 
values were recorded on site in January 2012 
and were as follows:

Exterior Glazing 

 Transmittance 59% +/-3%
 (assumed to be a ‘perfect’ diffuser ie. sun-

light is dispersed evenly in all directions)

Internal Finishes

 Wall, greeny white  60% +/-3%
 Ceiling, white  80% +/-2%
 Staircarpet, greeny grey  25% +/-2%
 Stone steps, grey  55% +/-2%

The scale on the right shows the predicted 
annual dosage using false colours. As may 
be expected dosages are higher closer to the 
rooflight. Dosage levels on Hambletonian are 
shown in more detail on the following page.

klux hrs

1000

10000

False colour scale for 
illuminance dosage

Fig.8 Predicted annual dosage levels presented using a ‘fisheye’ projection

Fig.9   View of the Staircase 
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Fig.9   View of the Staircase 

Mardaljevic, J. et al. ILLUMINATION AND CONSERVATION: A CASE STUDY EVALUATION OF DAYLIGHT . . .

A photograph of the staircase from a similar vantage point is shown for comparison. The false-
colour image reveals that the daylight exposure for Hambletonian is in the range ⇠4,000 klx-hrs to
⇠2,000 klx-hrs. A similar gradient in annual exposure is evident for the other two staircase walls.
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Figure 4 – Photograph of the Stone Staircase and predicted cumulative annual exposure

Figure 5 shows a close-up of the simulated exposure with the scale adjusted to better show the
data in the plots. The painting area is divided into nine sections and each one is annotated with
the average of annual daylight exposure in klx hrs. The simulation results showed that the painting
was receiving between 2.8 and 4.4 Mlx hrs with an area-weighted average for the entire painting
of 3.5 Mlx hrs. This is nearly six times the recommended value of 0.6 Mlx hrs.

Also shown in Figure 5 are the individual contributions from the sun and the sky to the total
exposure. As expected from the Belfast climate data (Figure 3, the sun contributes rather less to
the total exposure than light from the sky. The separation of the total daylight exposure into the
sun and the sky components allows a test to be made regarding the assumption that the rooflight
acts as a perfect diffuser. Table 2 gives the total annual illuminance from the sky and the sun
received on an unobstructed horizontal surface, say, just above the rooflights. In parentheses
are shown the percentage contribution to the total amount. Also given are the sun and sky
components of the area-weighted average daylight exposure across the painting. For the climate
data, the percentage contributions (to the total) from the sky and the sun were 75% and 25%,
respectively. For the daylight received at the painting the split was 77% and 23% for the sky and
sun components, respectively. These values are fairly close, indicating that the rooflight does
indeed ‘reprocess’ incident light, whatever its direction, into diffuse that light enters the space
below. If that were not the case, the ratio of the sky to sun components inside would be unlikely to
match closely that outside. Note, the rationale for this would not hold if the rooflight did not have
rotational symmetry around the zenith axis.

Cumulative annual illumination
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Predicted annual dosage on Hambetonian
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Data from the simulation process suggests 
that Hambletonian receives several times 
the widely quoted recommended maximum 
dosage of 600klhrs. The plot to the right in-
dicates that the painting receives an average 
of 3.5mlxhrs, roughly six times the recom-
mendation. The painting’s exposure is not 
uniform and due to the location the upper 
half receives more than the lower. Values 
from the corners indicate a ratio of approxi-
mately 3:2 

The simulation allows the exposure to be 
broken down between the diffuse light from 
the sky and that from the sun.
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This indicates that three quarters of the light 
reaching the painting is from the diffuse sky 
rather than sun, an important observation if 
fully diffusing glazing forms part of the day-
light control strategy.

Fig.10  Predicted annual dosage levels on Hambletonian
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Interventions to reduce annual 
daylight exposure were first tested 

using simulation



Reduce reflectivity of 
key surfaces

Dome Wall Cornice /
woodwork

49% 40% 66%

Reduce transmissivity 
of the skylight





Illuminance measurement using 
High Dynamic Range 

(HDR) imaging



Fixed f-stop between

exposures, e.g. 2 stops

Tethered capture

HDR 
imaging

Synthesis of a luminance 
image from a sequence of 
‘ordinary’ image captures
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HDR gives measures of 
luminance, but what about illuminance?



HDR gives measures of 
luminance, but what about illuminance?



Illuminance can be derived from 
the luminance (i.e. HDR) image 

Illuminance Proxy HDR imaging



Ickworth House 
Bury St. Edmunds



The Smoking Room 
Ickworth House



? ?

The daylight illumination field
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⇢2
<latexit sha1_base64="7YzqZIASTIeFAtBtCWF7hlRIIzg=">AAAB7XicbZDLSgMxFIZP6q3WW73s3ASL0FWZKYIuC25cVrAXaIeSSTNtbCYZkoxQhr6DGxeKuPV93Pk2ptMutPWHwMd/ziHn/GEiuLGe940KG5tb2zvF3dLe/sHhUfn4pG1UqilrUSWU7obEMMEla1luBesmmpE4FKwTTm7n9c4T04Yr+WCnCQtiMpI84pRYZ7X7eqwG9UG54tW8XHgd/CVUGmeQqzkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPYeSxMwEWb7tDF86Z4gjpd2TFufu74mMxMZM49B1xsSOzWptbv5X66U2ugkyLpPUMkkXH0WpwFbh+el4yDWjVkwdEKq52xXTMdGEWhdQyYXgr568Du16zXd8f1VpVBdpQBHO4QKq4MM1NOAOmtACCo/wDK/whhR6Qe/oY9FaQMuZU/gj9PkDs0qPJg==</latexit><latexit sha1_base64="7YzqZIASTIeFAtBtCWF7hlRIIzg=">AAAB7XicbZDLSgMxFIZP6q3WW73s3ASL0FWZKYIuC25cVrAXaIeSSTNtbCYZkoxQhr6DGxeKuPV93Pk2ptMutPWHwMd/ziHn/GEiuLGe940KG5tb2zvF3dLe/sHhUfn4pG1UqilrUSWU7obEMMEla1luBesmmpE4FKwTTm7n9c4T04Yr+WCnCQtiMpI84pRYZ7X7eqwG9UG54tW8XHgd/CVUGmeQqzkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPYeSxMwEWb7tDF86Z4gjpd2TFufu74mMxMZM49B1xsSOzWptbv5X66U2ugkyLpPUMkkXH0WpwFbh+el4yDWjVkwdEKq52xXTMdGEWhdQyYXgr568Du16zXd8f1VpVBdpQBHO4QKq4MM1NOAOmtACCo/wDK/whhR6Qe/oY9FaQMuZU/gj9PkDs0qPJg==</latexit><latexit sha1_base64="7YzqZIASTIeFAtBtCWF7hlRIIzg=">AAAB7XicbZDLSgMxFIZP6q3WW73s3ASL0FWZKYIuC25cVrAXaIeSSTNtbCYZkoxQhr6DGxeKuPV93Pk2ptMutPWHwMd/ziHn/GEiuLGe940KG5tb2zvF3dLe/sHhUfn4pG1UqilrUSWU7obEMMEla1luBesmmpE4FKwTTm7n9c4T04Yr+WCnCQtiMpI84pRYZ7X7eqwG9UG54tW8XHgd/CVUGmeQqzkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPYeSxMwEWb7tDF86Z4gjpd2TFufu74mMxMZM49B1xsSOzWptbv5X66U2ugkyLpPUMkkXH0WpwFbh+el4yDWjVkwdEKq52xXTMdGEWhdQyYXgr568Du16zXd8f1VpVBdpQBHO4QKq4MM1NOAOmtACCo/wDK/whhR6Qe/oY9FaQMuZU/gj9PkDs0qPJg==</latexit><latexit sha1_base64="1zRBEl+mZ/pAosSLxj9a7BVrIJo=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AIPZXdIuix4MVjBfsB7VKy6Wwbm02WJCuU0v/gxYMiXv0/3vw3pu0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7ewV9w/ODw6Lp2ctozKNMMmU0LpTkQNCi6xabkV2Ek10iQS2I7Gt/N6+wm14Uo+2EmKYUKHksecUeusVk+PVL/WL5X9qr8QWYcghzLkavRLX72BYlmC0jJBjekGfmrDKdWWM4GzYi8zmFI2pkPsOpQ0QRNOF9vOyKVzBiRW2j1pycL9PTGliTGTJHKdCbUjs1qbm//VupmNb8Ipl2lmUbLlR3EmiFVkfjoZcI3MiokDyjR3uxI2opoy6wIquhCC1ZPXoVWrBo7vr8r1Sh5HAc7hAioQwDXU4Q4a0AQGj/AMr/DmKe/Fe/c+lq0bXj5zBn/kff4AQS6O0g==</latexit>

⇢3
<latexit sha1_base64="pwUS+4QYV6X8EbwN69gV+bJCp7U=">AAAB7XicbZDLSgMxFIZP6q3WW73s3ASL0FWZUUGXBTcuK9gLtEPJpJk2NpMMSUYoQ9/BjQtF3Po+7nwb02kX2vpD4OM/55Bz/jAR3FjP+0aFtfWNza3idmlnd2//oHx41DIq1ZQ1qRJKd0JimOCSNS23gnUSzUgcCtYOx7ezevuJacOVfLCThAUxGUoecUqss1o9PVL9y3654tW8XHgV/AVU6ieQq9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXYeSxMwEWb7tFJ87Z4Ajpd2TFufu74mMxMZM4tB1xsSOzHJtZv5X66Y2ugkyLpPUMknnH0WpwFbh2el4wDWjVkwcEKq52xXTEdGEWhdQyYXgL5+8Cq2Lmu/4/qpSr87TgCKcwhlUwYdrqMMdNKAJFB7hGV7hDSn0gt7Rx7y1gBYzx/BH6PMHtM6PJw==</latexit><latexit sha1_base64="pwUS+4QYV6X8EbwN69gV+bJCp7U=">AAAB7XicbZDLSgMxFIZP6q3WW73s3ASL0FWZUUGXBTcuK9gLtEPJpJk2NpMMSUYoQ9/BjQtF3Po+7nwb02kX2vpD4OM/55Bz/jAR3FjP+0aFtfWNza3idmlnd2//oHx41DIq1ZQ1qRJKd0JimOCSNS23gnUSzUgcCtYOx7ezevuJacOVfLCThAUxGUoecUqss1o9PVL9y3654tW8XHgV/AVU6ieQq9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXYeSxMwEWb7tFJ87Z4Ajpd2TFufu74mMxMZM4tB1xsSOzHJtZv5X66Y2ugkyLpPUMknnH0WpwFbh2el4wDWjVkwcEKq52xXTEdGEWhdQyYXgL5+8Cq2Lmu/4/qpSr87TgCKcwhlUwYdrqMMdNKAJFB7hGV7hDSn0gt7Rx7y1gBYzx/BH6PMHtM6PJw==</latexit><latexit sha1_base64="pwUS+4QYV6X8EbwN69gV+bJCp7U=">AAAB7XicbZDLSgMxFIZP6q3WW73s3ASL0FWZUUGXBTcuK9gLtEPJpJk2NpMMSUYoQ9/BjQtF3Po+7nwb02kX2vpD4OM/55Bz/jAR3FjP+0aFtfWNza3idmlnd2//oHx41DIq1ZQ1qRJKd0JimOCSNS23gnUSzUgcCtYOx7ezevuJacOVfLCThAUxGUoecUqss1o9PVL9y3654tW8XHgV/AVU6ieQq9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXYeSxMwEWb7tFJ87Z4Ajpd2TFufu74mMxMZM4tB1xsSOzHJtZv5X66Y2ugkyLpPUMknnH0WpwFbh2el4wDWjVkwcEKq52xXTEdGEWhdQyYXgL5+8Cq2Lmu/4/qpSr87TgCKcwhlUwYdrqMMdNKAJFB7hGV7hDSn0gt7Rx7y1gBYzx/BH6PMHtM6PJw==</latexit><latexit sha1_base64="MQ2xi89UbOQubuJBOzXUZxZG/3U=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AIPZVdFfRY8OKxgv2AdinZdNrGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpC4OGdGTLzRongxvr+t7e2vrG5tV3YKe7u7R8clo6Om0almmGDKaF0O6IGBZfYsNwKbCcaaRwJbEXj21m99YTacCUf7CTBMKZDyQecUeusZlePVO+yVyr7VX8usgpBDmXIVe+Vvrp9xdIYpWWCGtMJ/MSGGdWWM4HTYjc1mFA2pkPsOJQ0RhNm822n5Nw5fTJQ2j1pydz9PZHR2JhJHLnOmNqRWa7NzP9qndQObsKMyyS1KNnio0EqiFVkdjrpc43MiokDyjR3uxI2opoy6wIquhCC5ZNXoXlRDRzfX5VrlTyOApzCGVQggGuowR3UoQEMHuEZXuHNU96L9+59LFrXvHzmBP7I+/wBQrKO0w==</latexit>

⇢(x,y)
<latexit sha1_base64="yPLonX0i5jgiiGSLVd3CqVq3CSk=">AAAB83icbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosuDGZQV7gc5QMmmmDc0kQ5IRh6Gv4caFIm59GXe+jelloa0/BD7+cw7n5A8TzrRx3W+nsLa+sblV3C7t7O7tH5QPj9paporQFpFcqm6INeVM0JZhhtNuoiiOQ0474fh2Wu88UqWZFA8mS2gQ46FgESPYWMv31Uj28+pTLbuY9MsVt+7OhFbBW0ClcQIzNfvlL38gSRpTYQjHWvc8NzFBjpVhhNNJyU81TTAZ4yHtWRQ4pjrIZzdP0Ll1BiiSyj5h0Mz9PZHjWOssDm1njM1IL9em5n+1XmqimyBnIkkNFWS+KEo5MhJNA0ADpigxPLOAiWL2VkRGWGFibEwlG4K3/OVVaF/WPcv3V5VGbZ4GFOEUzqAKHlxDA+6gCS0gkMAzvMKbkzovzrvzMW8tOIuZY/gj5/MH/H2Rmg==</latexit><latexit sha1_base64="yPLonX0i5jgiiGSLVd3CqVq3CSk=">AAAB83icbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosuDGZQV7gc5QMmmmDc0kQ5IRh6Gv4caFIm59GXe+jelloa0/BD7+cw7n5A8TzrRx3W+nsLa+sblV3C7t7O7tH5QPj9paporQFpFcqm6INeVM0JZhhtNuoiiOQ0474fh2Wu88UqWZFA8mS2gQ46FgESPYWMv31Uj28+pTLbuY9MsVt+7OhFbBW0ClcQIzNfvlL38gSRpTYQjHWvc8NzFBjpVhhNNJyU81TTAZ4yHtWRQ4pjrIZzdP0Ll1BiiSyj5h0Mz9PZHjWOssDm1njM1IL9em5n+1XmqimyBnIkkNFWS+KEo5MhJNA0ADpigxPLOAiWL2VkRGWGFibEwlG4K3/OVVaF/WPcv3V5VGbZ4GFOEUzqAKHlxDA+6gCS0gkMAzvMKbkzovzrvzMW8tOIuZY/gj5/MH/H2Rmg==</latexit><latexit sha1_base64="yPLonX0i5jgiiGSLVd3CqVq3CSk=">AAAB83icbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosuDGZQV7gc5QMmmmDc0kQ5IRh6Gv4caFIm59GXe+jelloa0/BD7+cw7n5A8TzrRx3W+nsLa+sblV3C7t7O7tH5QPj9paporQFpFcqm6INeVM0JZhhtNuoiiOQ0474fh2Wu88UqWZFA8mS2gQ46FgESPYWMv31Uj28+pTLbuY9MsVt+7OhFbBW0ClcQIzNfvlL38gSRpTYQjHWvc8NzFBjpVhhNNJyU81TTAZ4yHtWRQ4pjrIZzdP0Ll1BiiSyj5h0Mz9PZHjWOssDm1njM1IL9em5n+1XmqimyBnIkkNFWS+KEo5MhJNA0ADpigxPLOAiWL2VkRGWGFibEwlG4K3/OVVaF/WPcv3V5VGbZ4GFOEUzqAKHlxDA+6gCS0gkMAzvMKbkzovzrvzMW8tOIuZY/gj5/MH/H2Rmg==</latexit><latexit sha1_base64="8Kgd7edpnbdVCVYO1x7plb1/Mqw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QSLUKGUGRF0WXDjsoJthc5QMmmmDc0kQ5IRh6Gv4caFIm59GXe+jWk7C209EPg4917uzQkTzrRx3W+ntLa+sblV3q7s7O7tH1QPj7paporQDpFcqocQa8qZoB3DDKcPiaI4DjnthZObWb33SJVmUtybLKFBjEeCRYxgYy3fV2M5yOtPjex8OqjW3KY7F1oFr4AaFGoPql/+UJI0psIQjrXue25ighwrwwin04qfappgMsEj2rcocEx1kM9vnqIz6wxRJJV9wqC5+3six7HWWRzazhibsV6uzcz/av3URNdBzkSSGirIYlGUcmQkmgWAhkxRYnhmARPF7K2IjLHCxNiYKjYEb/nLq9C9aHqW7y5rrUYRRxlO4BTq4MEVtOAW2tABAgk8wyu8Oanz4rw7H4vWklPMHMMfOZ8/imGRRg==</latexit>

E(x,y)
<latexit sha1_base64="rSr+Gs+NsWMKe5rNHBLpHt8a2+0=">AAAB8HicbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosiCCywr2Iu1QMmmmDU0yQ5IRy9CncONCEbc+jjvfxnTahbb+EPj4zznknD+IOdPGdb+d3Mrq2vpGfrOwtb2zu1fcP2jqKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyup/XWI1WaRfLejGPqCzyQLGQEG2s93PTS8lNlfDbpFUtu1c2ElsGbQ6l2BJnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxKLGg2k+zhSfo1Dp9FEbKPmlQ5v6eSLHQeiwC2ymwGerF2tT8r9ZJTHjlp0zGiaGSzD4KE45MhKbXoz5TlBg+toCJYnZXRIZYYWJsRgUbgrd48jI0z6ue5buLUq0ySwPycAwnUAYPLqEGt1CHBhAQ8Ayv8OYo58V5dz5mrTlnPnMIf+R8/gBqnZAc</latexit><latexit sha1_base64="rSr+Gs+NsWMKe5rNHBLpHt8a2+0=">AAAB8HicbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosiCCywr2Iu1QMmmmDU0yQ5IRy9CncONCEbc+jjvfxnTahbb+EPj4zznknD+IOdPGdb+d3Mrq2vpGfrOwtb2zu1fcP2jqKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyup/XWI1WaRfLejGPqCzyQLGQEG2s93PTS8lNlfDbpFUtu1c2ElsGbQ6l2BJnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxKLGg2k+zhSfo1Dp9FEbKPmlQ5v6eSLHQeiwC2ymwGerF2tT8r9ZJTHjlp0zGiaGSzD4KE45MhKbXoz5TlBg+toCJYnZXRIZYYWJsRgUbgrd48jI0z6ue5buLUq0ySwPycAwnUAYPLqEGt1CHBhAQ8Ayv8OYo58V5dz5mrTlnPnMIf+R8/gBqnZAc</latexit><latexit sha1_base64="rSr+Gs+NsWMKe5rNHBLpHt8a2+0=">AAAB8HicbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosiCCywr2Iu1QMmmmDU0yQ5IRy9CncONCEbc+jjvfxnTahbb+EPj4zznknD+IOdPGdb+d3Mrq2vpGfrOwtb2zu1fcP2jqKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyup/XWI1WaRfLejGPqCzyQLGQEG2s93PTS8lNlfDbpFUtu1c2ElsGbQ6l2BJnqveJXtx+RRFBpCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxKLGg2k+zhSfo1Dp9FEbKPmlQ5v6eSLHQeiwC2ymwGerF2tT8r9ZJTHjlp0zGiaGSzD4KE45MhKbXoz5TlBg+toCJYnZXRIZYYWJsRgUbgrd48jI0z6ue5buLUq0ySwPycAwnUAYPLqEGt1CHBhAQ8Ayv8OYo58V5dz5mrTlnPnMIf+R8/gBqnZAc</latexit><latexit sha1_base64="tz+6QGFP/IfnLlNNO0U8ldEapzo=">AAAB8HicbZDNSgMxFIXv1L9a/6ou3QSLUKGUGRF0WRDBZQXbKu1QMmmmDU0yQ5IRh6FP4caFIm59HHe+jWk7C209EPg4915y7wlizrRx3W+nsLK6tr5R3Cxtbe/s7pX3D9o6ShShLRLxSN0HWFPOJG0ZZji9jxXFIuC0E4yvpvXOI1WaRfLOpDH1BR5KFjKCjbUervtZ9amWnk765Ypbd2dCy+DlUIFczX75qzeISCKoNIRjrbueGxs/w8owwumk1Es0jTEZ4yHtWpRYUO1ns4Un6MQ6AxRGyj5p0Mz9PZFhoXUqAtspsBnpxdrU/K/WTUx46WdMxomhksw/ChOOTISm16MBU5QYnlrARDG7KyIjrDAxNqOSDcFbPHkZ2md1z/LteaVRy+MowhEcQxU8uIAG3EATWkBAwDO8wpujnBfn3fmYtxacfOYQ/sj5/AH4co/I</latexit>

÷
<latexit sha1_base64="FlVufCPsWGXDzV3gUg7ORJF0HMg=">AAAB63icbZDLSgMxFIbP1Futt3rZuQkWwYWUmSLosuDGZQV7gXYomUymDU0yQ5IplKGv4MaFIm59IXe+jZlpF9r6Q+DjP+eQc/4g4Uwb1/12ShubW9s75d3K3v7B4VH1+KSj41QR2iYxj1UvwJpyJmnbMMNpL1EUi4DTbjC5z+vdKVWaxfLJzBLqCzySLGIEm9wahGw6rNbculsIrYO3hFrzDAq1htWvQRiTVFBpCMda9z03MX6GlWGE03llkGqaYDLBI9q3KLGg2s+KXefo0johimJlnzSocH9PZFhoPROB7RTYjPVqLTf/q/VTE935GZNJaqgki4+ilCMTo/xwFDJFieEzC5goZndFZIwVJsbGU7EheKsnr0OnUfcsP97UmteLNKAM53ABV+DBLTThAVrQBgJjeIZXeHOE8+K8Ox+L1pKznDmFP3I+fwCB+Y5/</latexit><latexit sha1_base64="FlVufCPsWGXDzV3gUg7ORJF0HMg=">AAAB63icbZDLSgMxFIbP1Futt3rZuQkWwYWUmSLosuDGZQV7gXYomUymDU0yQ5IplKGv4MaFIm59IXe+jZlpF9r6Q+DjP+eQc/4g4Uwb1/12ShubW9s75d3K3v7B4VH1+KSj41QR2iYxj1UvwJpyJmnbMMNpL1EUi4DTbjC5z+vdKVWaxfLJzBLqCzySLGIEm9wahGw6rNbculsIrYO3hFrzDAq1htWvQRiTVFBpCMda9z03MX6GlWGE03llkGqaYDLBI9q3KLGg2s+KXefo0johimJlnzSocH9PZFhoPROB7RTYjPVqLTf/q/VTE935GZNJaqgki4+ilCMTo/xwFDJFieEzC5goZndFZIwVJsbGU7EheKsnr0OnUfcsP97UmteLNKAM53ABV+DBLTThAVrQBgJjeIZXeHOE8+K8Ox+L1pKznDmFP3I+fwCB+Y5/</latexit><latexit sha1_base64="FlVufCPsWGXDzV3gUg7ORJF0HMg=">AAAB63icbZDLSgMxFIbP1Futt3rZuQkWwYWUmSLosuDGZQV7gXYomUymDU0yQ5IplKGv4MaFIm59IXe+jZlpF9r6Q+DjP+eQc/4g4Uwb1/12ShubW9s75d3K3v7B4VH1+KSj41QR2iYxj1UvwJpyJmnbMMNpL1EUi4DTbjC5z+vdKVWaxfLJzBLqCzySLGIEm9wahGw6rNbculsIrYO3hFrzDAq1htWvQRiTVFBpCMda9z03MX6GlWGE03llkGqaYDLBI9q3KLGg2s+KXefo0johimJlnzSocH9PZFhoPROB7RTYjPVqLTf/q/VTE935GZNJaqgki4+ilCMTo/xwFDJFieEzC5goZndFZIwVJsbGU7EheKsnr0OnUfcsP97UmteLNKAM53ABV+DBLTThAVrQBgJjeIZXeHOE8+K8Ox+L1pKznDmFP3I+fwCB+Y5/</latexit><latexit sha1_base64="cFHCcduUrJvoVwpifycbZNhD7n4=">AAAB63icbZDNSgMxFIXv1L9a/6ou3QSL4ELKjAi6LLhxWcFpC+1QMplMG5pkhiRTKENfwY0LRdz6Qu58GzPtLLT1QODj3HvJvSdMOdPGdb+dysbm1vZOdbe2t39weFQ/PunoJFOE+iThieqFWFPOJPUNM5z2UkWxCDnthpP7ot6dUqVZIp/MLKWBwCPJYkawKaxBxKbDesNtuguhdfBKaECp9rD+NYgSkgkqDeFY677npibIsTKMcDqvDTJNU0wmeET7FiUWVAf5Ytc5urBOhOJE2ScNWri/J3IstJ6J0HYKbMZ6tVaY/9X6mYnvgpzJNDNUkuVHccaRSVBxOIqYosTwmQVMFLO7IjLGChNj46nZELzVk9ehc930LD/eNFpXZRxVOINzuAQPbqEFD9AGHwiM4Rle4c0Rzovz7nwsWytOOXMKf+R8/gAP3Y4r</latexit>

=
<latexit sha1_base64="Z5c8JLZNnwjoukDYCgz4K9uTvmI=">AAAB6HicbZDLSsNAFIZPvNZ6q5edm8EiuJCSiKAboeDGZQv2Am0ok+lJO3YyCTMToYQ+gRsXirj1kdz5Nk7TLrT1h4GP/5zDnPMHieDauO63s7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTeutJ1Sax/LBjBP0IzqQPOSMGmvVb3ulsltxc5Fl8OZQrh5Drlqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjkVJI9R+li86IWfW6ZMwVvZJQ3L390RGI63HUWA7I2qGerE2Nf+rdVIT3vgZl0lqULLZR2EqiInJ9GrS5wqZEWMLlCludyVsSBVlxmZTtCF4iycvQ/Oy4lmuX5WrF7M0oAAncArn4ME1VOEeatAABgjP8ApvzqPz4rw7H7PWFWc+cwR/5Hz+APhNjP8=</latexit><latexit sha1_base64="Z5c8JLZNnwjoukDYCgz4K9uTvmI=">AAAB6HicbZDLSsNAFIZPvNZ6q5edm8EiuJCSiKAboeDGZQv2Am0ok+lJO3YyCTMToYQ+gRsXirj1kdz5Nk7TLrT1h4GP/5zDnPMHieDauO63s7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTeutJ1Sax/LBjBP0IzqQPOSMGmvVb3ulsltxc5Fl8OZQrh5Drlqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjkVJI9R+li86IWfW6ZMwVvZJQ3L390RGI63HUWA7I2qGerE2Nf+rdVIT3vgZl0lqULLZR2EqiInJ9GrS5wqZEWMLlCludyVsSBVlxmZTtCF4iycvQ/Oy4lmuX5WrF7M0oAAncArn4ME1VOEeatAABgjP8ApvzqPz4rw7H7PWFWc+cwR/5Hz+APhNjP8=</latexit><latexit sha1_base64="Z5c8JLZNnwjoukDYCgz4K9uTvmI=">AAAB6HicbZDLSsNAFIZPvNZ6q5edm8EiuJCSiKAboeDGZQv2Am0ok+lJO3YyCTMToYQ+gRsXirj1kdz5Nk7TLrT1h4GP/5zDnPMHieDauO63s7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTeutJ1Sax/LBjBP0IzqQPOSMGmvVb3ulsltxc5Fl8OZQrh5Drlqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjkVJI9R+li86IWfW6ZMwVvZJQ3L390RGI63HUWA7I2qGerE2Nf+rdVIT3vgZl0lqULLZR2EqiInJ9GrS5wqZEWMLlCludyVsSBVlxmZTtCF4iycvQ/Oy4lmuX5WrF7M0oAAncArn4ME1VOEeatAABgjP8ApvzqPz4rw7H7PWFWc+cwR/5Hz+APhNjP8=</latexit><latexit sha1_base64="Ki4s/18EpK2Amj5QD7wz75yG7y8=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUEvQsGLxxbsB7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+O2zUFbX1h4eGeGnXmDRHBtXPfbKaytb2xuFbdLO7t7+wflw6OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsZ3s3r7CZXmsXwwkwT9iA4lDzmjxlqN23654lbducgqeDlUIFe9X/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYteipBFqP5svOiVn1hmQMFb2SUPm7u+JjEZaT6LAdkbUjPRybWb+V+umJrzxMy6T1KBki4/CVBATk9nVZMAVMiMmFihT3O5K2IgqyozNpmRD8JZPXoXWZdWz3Liq1C7yOIpwAqdwDh5cQw3uoQ5NYIDwDK/w5jw6L86787FoLTj5zDH8kfP5A4YxjKs=</latexit>

L(x,y)
<latexit sha1_base64="dtA2umpl56XGBtligLroI8EuUKY=">AAAB8HicbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosuDGhYsK9iLtUDJppg1NMkOSEcvQp3DjQhG3Po4738Z02oW2/hD4+M855Jw/iDnTxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMrqf11iNVmkXy3oxj6gs8kCxkBBtrPdz20vJTZXw26RVLbtXNhJbBm0OpdgSZ6r3iV7cfkURQaQjHWnc8NzZ+ipVhhNNJoZtoGmMywgPasSixoNpPs4Un6NQ6fRRGyj5pUOb+nkix0HosAtspsBnqxdrU/K/WSUx45adMxomhksw+ChOOTISm16M+U5QYPraAiWJ2V0SGWGFibEYFG4K3ePIyNM+rnuW7i1KtMksD8nAMJ1AGDy6hBjdQhwYQEPAMr/DmKOfFeXc+Zq05Zz5zCH/kfP4AdXGQIw==</latexit><latexit sha1_base64="dtA2umpl56XGBtligLroI8EuUKY=">AAAB8HicbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosuDGhYsK9iLtUDJppg1NMkOSEcvQp3DjQhG3Po4738Z02oW2/hD4+M855Jw/iDnTxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMrqf11iNVmkXy3oxj6gs8kCxkBBtrPdz20vJTZXw26RVLbtXNhJbBm0OpdgSZ6r3iV7cfkURQaQjHWnc8NzZ+ipVhhNNJoZtoGmMywgPasSixoNpPs4Un6NQ6fRRGyj5pUOb+nkix0HosAtspsBnqxdrU/K/WSUx45adMxomhksw+ChOOTISm16M+U5QYPraAiWJ2V0SGWGFibEYFG4K3ePIyNM+rnuW7i1KtMksD8nAMJ1AGDy6hBjdQhwYQEPAMr/DmKOfFeXc+Zq05Zz5zCH/kfP4AdXGQIw==</latexit><latexit sha1_base64="dtA2umpl56XGBtligLroI8EuUKY=">AAAB8HicbZDLSgMxFIbP1Futt3rZuQkWoUIpMyLosuDGhYsK9iLtUDJppg1NMkOSEcvQp3DjQhG3Po4738Z02oW2/hD4+M855Jw/iDnTxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMrqf11iNVmkXy3oxj6gs8kCxkBBtrPdz20vJTZXw26RVLbtXNhJbBm0OpdgSZ6r3iV7cfkURQaQjHWnc8NzZ+ipVhhNNJoZtoGmMywgPasSixoNpPs4Un6NQ6fRRGyj5pUOb+nkix0HosAtspsBnqxdrU/K/WSUx45adMxomhksw+ChOOTISm16M+U5QYPraAiWJ2V0SGWGFibEYFG4K3ePIyNM+rnuW7i1KtMksD8nAMJ1AGDy6hBjdQhwYQEPAMr/DmKOfFeXc+Zq05Zz5zCH/kfP4AdXGQIw==</latexit><latexit sha1_base64="kJDBnsBapK5bxgpLA+XYam6l4T4=">AAAB8HicbZDNSgMxFIXv1L9a/6ou3QSLUKGUGRF0WXDjwkUF2yrtUDJppg1NMkOSEYehT+HGhSJufRx3vo1pOwttPRD4OPdecu8JYs60cd1vp7Cyura+UdwsbW3v7O6V9w/aOkoUoS0S8UjdB1hTziRtGWY4vY8VxSLgtBOMr6b1ziNVmkXyzqQx9QUeShYygo21Hm76WfWplp5O+uWKW3dnQsvg5VCBXM1++as3iEgiqDSEY627nhsbP8PKMMLppNRLNI0xGeMh7VqUWFDtZ7OFJ+jEOgMURso+adDM/T2RYaF1KgLbKbAZ6cXa1Pyv1k1MeOlnTMaJoZLMPwoTjkyEptejAVOUGJ5awEQxuysiI6wwMTajkg3BWzx5Gdpndc/y7XmlUcvjKMIRHEMVPLiABlxDE1pAQMAzvMKbo5wX5935mLcWnHzmEP7I+fwBA1WPzw==</latexit>

⇡⇥
<latexit sha1_base64="svd+LLZYbd2EQiSa3Hwc5ZauPHM=">AAAB8XicbVBNS8NAEJ3Ur1q/6sfNy2IRPEhJRNBjwYvHCrYWm1A22027dLMJuxOhhP4LLx4U8eq/8ea/cZv2oK0PBh7vzTAzL0ylMOi6305pZXVtfaO8Wdna3tndq+4ftE2SacZbLJGJ7oTUcCkUb6FAyTup5jQOJX8IRzdT/+GJayMSdY/jlAcxHSgRCUbRSo9+KoiPIuamV625dbcAWSbenNQaR1Cg2at++f2EZTFXyCQ1puu5KQY51SiY5JOKnxmeUjaiA961VFG7JMiLiyfk1Cp9EiXalkJSqL8nchobM45D2xlTHJpFbyr+53UzjK6DXKg0Q67YbFGUSYIJmb5P+kJzhnJsCWVa2FsJG1JNGdqQKjYEb/HlZdK+qHuW313WGuezNKAMx3ACZ+DBFTTgFprQAgYKnuEV3hzjvDjvzsesteTMZw7hD5zPH8TLkO8=</latexit><latexit sha1_base64="svd+LLZYbd2EQiSa3Hwc5ZauPHM=">AAAB8XicbVBNS8NAEJ3Ur1q/6sfNy2IRPEhJRNBjwYvHCrYWm1A22027dLMJuxOhhP4LLx4U8eq/8ea/cZv2oK0PBh7vzTAzL0ylMOi6305pZXVtfaO8Wdna3tndq+4ftE2SacZbLJGJ7oTUcCkUb6FAyTup5jQOJX8IRzdT/+GJayMSdY/jlAcxHSgRCUbRSo9+KoiPIuamV625dbcAWSbenNQaR1Cg2at++f2EZTFXyCQ1puu5KQY51SiY5JOKnxmeUjaiA961VFG7JMiLiyfk1Cp9EiXalkJSqL8nchobM45D2xlTHJpFbyr+53UzjK6DXKg0Q67YbFGUSYIJmb5P+kJzhnJsCWVa2FsJG1JNGdqQKjYEb/HlZdK+qHuW313WGuezNKAMx3ACZ+DBFTTgFprQAgYKnuEV3hzjvDjvzsesteTMZw7hD5zPH8TLkO8=</latexit><latexit sha1_base64="svd+LLZYbd2EQiSa3Hwc5ZauPHM=">AAAB8XicbVBNS8NAEJ3Ur1q/6sfNy2IRPEhJRNBjwYvHCrYWm1A22027dLMJuxOhhP4LLx4U8eq/8ea/cZv2oK0PBh7vzTAzL0ylMOi6305pZXVtfaO8Wdna3tndq+4ftE2SacZbLJGJ7oTUcCkUb6FAyTup5jQOJX8IRzdT/+GJayMSdY/jlAcxHSgRCUbRSo9+KoiPIuamV625dbcAWSbenNQaR1Cg2at++f2EZTFXyCQ1puu5KQY51SiY5JOKnxmeUjaiA961VFG7JMiLiyfk1Cp9EiXalkJSqL8nchobM45D2xlTHJpFbyr+53UzjK6DXKg0Q67YbFGUSYIJmb5P+kJzhnJsCWVa2FsJG1JNGdqQKjYEb/HlZdK+qHuW313WGuezNKAMx3ACZ+DBFTTgFprQAgYKnuEV3hzjvDjvzsesteTMZw7hD5zPH8TLkO8=</latexit><latexit sha1_base64="y4IyvspBocIlQ03BKDAp94ftw7Y=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvHisYD+wCWWz3bRLN5uwOxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzwlQKg6777ZTW1jc2t8rblZ3dvf2D6uFR2ySZZrzFEpnobkgNl0LxFgqUvJtqTuNQ8k44vp35nSeujUjUA05SHsR0qEQkGEUrPfqpID6KmJt+tebW3TnIKvEKUoMCzX71yx8kLIu5QiapMT3PTTHIqUbBJJ9W/MzwlLIxHfKepYraJUE+v3hKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xehtFNkAuVZsgVWyyKMkkwIbP3yUBozlBOLKFMC3srYSOqKUMbUsWG4C2/vEral3XP8vurWuOiiKMMJ3AK5+DBNTTgDprQAgYKnuEV3hzjvDjvzseiteQUM8fwB87nD1KvkJs=</latexit>

HDR image Albedo mapIlluminance map

Theory Er =
⇡Lr

⇢r

Assumes that the 
surface has an ideal 
diffuse reflectance



The practicalities



Long-term, autonomous 
HDR capture

• HDR capture every 10 minutes 

• Unattended duration ~6 to 9 months 

• On-the-fly deletion of ‘dark’ images 

• Automatic backup of images to ‘failsafe’ drive 

• Status webpage broadcast on ad-hoc wifi network



‘Headless’ Mac Mini

Consumer 
DSLR
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Apply vignetting correction



Canon 550D + 10-18mm : @10mm, f8
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6+ months of unattended monitoring 

> Daily ‘visual’ record sheets 
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Er =
⇡Lr

⇢r

Derive illuminance from 
HDR luminance





Reflectance map
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Reflectivity histogram
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Average for image = 0.157 or 15.7%



Reflectance - box average
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Reflectance - box average
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Reflectance - box average
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2x the minimum 
‘safe’ size



Apply vignetting correction; subtract

electric light contribution



Determine mean luminance

at the target patches



Interpolate illumination field 
across target patches
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But…
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Ghosts!

Illuminance 
‘bumps’



Need a fix…



Each wallpaper patch has a 
distinctive ‘signature’
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‘Ghost’
removal
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Validation
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**HDR capture fail**

HAN total dose 55352 lux hrs

HDR total dose 61799 lux hrs



Delta-T BF5 Sunshine Sensor 

Measures global and diffuse radiation

External monitoring of illuminance





But what if there are no suitable 
‘target’ patches of known 

reflectance?



Ham House, Richmond



22/03/19

The Volury



Use a known illumination field to determine 
the reflectance map for each tapestry



Need to use a Radiance 
simulation to account for 
both the direct and 
reflected light from the 
LED panel arriving at 
the tapestry







(a)

(b)

Figure 4

material definition was:

void brightdata LED diff
5 flatcorr 1380ASVL meas.dat source.cal src theta src phi2
0
0

LED diff light diff panel corr
0
0
3 .1745 .1745 .1745

A Radiance simulation was carried out with this new lamp definition and the results – shown

as a red dot-dashed curve in Figures 4a and 4b – were found to match the interpolated laboratory

measurements. The simulated horizontal illuminance values were found to have a rMBE = -0.28%

and a rRMSE = 1.73% when compared to the interpolated laboratory measurement, whereas the

errors for the vertical values were rMBE = -0.94% and rRMSE = 1.61%.

To test the robustness and scalability of this definition, an additional set of laboratory illu-

minance measurements was collected, this time with the lamp placed at a distance of 3m from

the luxmeter sensor. Figures 5a and 5b show these sets of measurements with their interpolated

curves, together with the illuminance curves obtained from the simulation.

3
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Figure 5

4

(a)

(b)



lux

  
0

50

100

150

200

250

300

ab0



lux

  
0

50

100

150

200

250

300

ab3



LED 1 LED 2
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The simulated 
illuminances were 

all within 10% of the 
measured values
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⇢ =
⇡L

E



⇢(x,y) =
⇡L(x,y)

E(x,y)
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Between 10/04/19 and 16/10/19 there 
were 159 days of useful data capture 
— resulting in 4899 ‘non-dark’ HDR 

captures (~265Gb)
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‘Print Through’‘Print Through’



Each reflectance map was based on a 
single HDR capture taken morning 

22/03/19 — useful data capture was 
from 10/04/19 and 16/10/19



Hypothesis: ‘Print through’ will be 
apparent if there is anything less than 
perfect pixel alignment between the 

reflectance map and the (subsequent) 
HDR captures



The following is an illustration to test 
the hypothesis using only the 

simulated illuminance map and the 
initial HDR capture taken to derive the 

reflectance map
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What happens when we don’t have 
exact pixel alignment between the 

reflectance map and the HDR capture?
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Tapestries are known to expand and 
contract resulting from variations in 
relative humidity. 
Typical pixel sizes across the tapestries 
correspond to dimensions in the range 
2.2 to 2.6mm.



‘Correct’ the illuminance map by 
applying an energy-preserving filter
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Unfiltered Filtered Relative
Tapestry light dose map light dose map di↵erence
area [klux hrs] [klux hrs] [%]
Left panel 81.61 81.57 -0.05
Right panel 74.64 74.65 0.01
Section 1 99.54 99.76 0.22
Section 2 80.06 80.17 0.14
Section 3 53.83 53.77 -0.11
Section 4 68.03 67.98 -0.07
Section 5 80.04 80.07 0.04
Section 6 72.53 72.55 0.03
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Measured HDR-derived Relative

light dose light dose error

[klx hrs] [klx hrs] [%]

H1 74,012 97,510 31.7

H2 69,089 66,571 -3.6

H3 65,772 70,680 7.5

H1
H2
H3

H1 H2 H3H1 H2 H3



Lessons Learnt
• Mount Stewart 

• Ickworth 

• Ham House
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