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Teil I: Wissenschaftliche Beitrage

Parallel Memory Architectures for Video Encoding Systems,

Part Il: Applications

Reiner Creutzburg?, Michael Géssel?, Jarkko Niittylahti?, Tero Sihvo?, Jarmo Takala?, and Jarno Tanskanen?

tFachhochschule Brandenburg — University of Applied Sciences, Fachbereich Informatik und Medien, P.O.Box 2132,

D - 14737 Brandenburg, Germany;

2Tampere University of Technology, Digital and Computer Systems Laboratory, P.O.Box 553, FIN-33101 Tampere, Finland,;
3 Universitat Potsdam, Institut fiir Informatik, August-Bebel-Str. 89, D — 14482 Potsdam, Germany

ABSTRACT:

In this paper we apply the theory Parallel Memory Architectures given
in part | [11, 12] to develop a parallel architecture for H.263 video en-
coding, consisting of SIMD type connected on-chip parallel proces-
sors and parallel memory architecture.

3. PARALLEL MEMORY ARCHITECTURES FOR VIDEO CODING
Many of the video coding operations require high computing power
and high memory bandwidth. One way to increase the processing
power is to use multiple or parallel processors. In parallel processing,
the increased number of executed operations per time unit leads to in-
creased number of operands. Typically, correct operands have to be
in the register file of the processor before the operation is executed.
Usually, the number of registers is small. Thus the load / store opera-
tions, which take care of the data transfers between the register file
and the data memory, are frequently needed. This results in the need
for a considerable bandwidth between the processor and the data
memory. The bandwidth can be increased by accessing several op-
erands simultaneously, which requires several independent memory
banks, a parallel memory. Subsequent memory operations usually
concentrate to a small memory address range or picture region of
interest. Examples of such areas are macroblock and search area in
motion estimation. The data blocks processed at a time typically fit
into the internal parallel memory.

The parallel processors, the control processor, and the variable length
coding (VLC) processor used in the proposed architecture, could be
completely similar, simple, small, and low-powered DSP cores. This
may significantly speed up the implementation process compared to
the application-specific integrated circuit (ASIC) design, where the
dedicated block for each operation has to be realized. There are many
parallel processor implementations suitable for image and video
processing, e.g., highly parallel DSP (HiPAR) with four or sixteen par-
allel data paths [1,2], highly parallel single-chip video DSP with four
parallel processing units [3], and parallel DSP for mobile multimedia
processing with four parallel data paths [4].

The needed processing power varies, e.g., according to the optimiza-
tion level of the code, picture resolution, frame rate, the algorithms,
and optional coding modes. A similar kind of architecture might also
be used for decoding. Thus, the application could be encoder, de-
coder, or both of them. The required computation power and the
number of the parallel processors is determined accordingly.

3.1 The Proposed Parallel Architecture

In our case, there are two dual-ported data memory modules per par-
allel processor. One port is intended for the parallel processors and
the other is reserved for direct memory access (DMA) controller, con-
trol and VLC processors, so that they could operate concurrently with
the parallel processing. All processors have access to the common
data by using these, more or less, application specific access for-
mats. This realization provides very high bandwidth since the parallel
processors can access two memory operations per clock cycle and
per processor according to access formats. In addition, the number
of the required memory locations is reasonable, because there is no
need to keep the same data in different memory modules. However,
extra logic is needed for the address calculation, full-crossbars be-
tween the parallel processors and the parallel memory, and intercon-
nection networks between the control, DMA, and VLC processors and
the parallel memory. Even if the bandwidth of the additional port of
the parallel memory modules is not fully utilized, the usage of it may
significantly shorten the processing time compared to the situation
where, e.g., the operations processed in parallel and the DMA opera-
tions are performed sequentially. On the other hand, if the processing
time requirement is not so strict, parallel dual-ported memory mod-
ules might be replaced by single-ported memory modules and save
some silicon area.

In the parallel architecture shown in Figure 3.1, there are N + 2 DSP
processor cores : N parallel processors, a control processor, and a
VLC processor. The parallel processors are marked as DSP,, DSP,,
DSP,, and DSP,,,, when N = 2,4,8,16, or 32 is the number of the paral-
lel processors. It is assumed that the parallel processors are small,
low-power DSPs and are able to load two operands in parallel. When
the processing power requirements increase or the number of the
parallel processors is decreased, the instruction set for the parallel
processors can be optimized. Also, the instruction set for the VLC
processor can be optimized for VLC coding. Alternatively, one can
replace the VLC processor with a dedicated VLC core. On the other
hand, with the lower computational power requirements, VLC coding
could be performed by the control processor, and the VLC processor
could be removed from the design.

The parallel processors are connected to the parallel memory using
two N-ported, bi-directional crossbars. The parallel memory consists
of the memory modules M, to M, .. Half of the memory modules, from
M, to M, ,, have 16-bit memory locations and another half, from M, to

N-1?
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Figure 3.1 The proposed parallel architecture. For simplicity, only data bus connections and related functional blocks are shown.

M,,,» 8-bit memory locations. The parallel memory area 0 is stored
to the parallel memory modules M, to M, ;, and the parallel memory
areas 1 and 2 are stored to the parallel memory modules M, to M, ,. A
different module assignment function is used in each parallel memory

area.

The 8-bit parallel memory areas are mainly used for processing 8-
bit data, but also 16-bit cosine and quantisation coefficients are kept
in these parallel memory areas. One 16-bit coefficient reserves two
8-bit locations, each of them from different memory modules. The
parallel processors need the same coefficient simultaneously. With
this arrangement only two 8-bit parallel memory modules need to be
accessed for this purpose. The coefficient from these two memory
modules is passed to every 16-bit port of the processor end of the
crossbar.

The parallel memory area 0 is stored to 16-bit memory modules, be-
cause in many operations all parallel processors load or store their

own word larger than 8 bits. Such operations are, e.g., discrete cosine
transform (DCT), inverse discrete cosine transform (IDCT), macrob-
lock subtraction, macroblock addition, quantisation, and dequantisa-
tion. In some of these cases, all N 16-bit parallel memory modules
need to be accessed simultaneously. If these memory modules had
only 8-bit storage locations, the number of memory modules, address
calculation units, and crossbar ports would be doubled (2N). Howev-
er, the difference in the required silicon area might not necessarily be
high when compared to the case with 16-bit memory modules. This is
because of the difference in the data bus widths. For simplicity, 16-bit
memory modules were selected.

The data exchange between the processors is performed through the
parallel memory, since there are no other communication channels
between the parallel processors. The control processor and the VLC
processor have the common dual-ported data memory, which can
be used as a parameter exchange channel. The parallel processors
work as a single instruction - multiple data (SIMD) machine and need
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a single instruction memory. The control processor and the VLC proc-
essor need their own instruction memories. In Figure 3.1, only the data
paths are shown.

The data transfers between the parallel memory and the DMA con-
troller, the control processor, or the VLC processor are performed
through the two separate interconnection networks, as shown in
Figure 3.1. Two out of these three units are able to do simultaneous
parallel memory operation. This requires that one of the memory op-
erations affects the parallel memory modules M...M, , or the parallel
memory area 0, and the another one to the parallel memory modules
M,...M,, or the parallel memory areas 1 or 2.

When the control processor or the VLC processor need to access the
parallel memory, they can interrupt a DMA operation for the period
they need, if necessary. Usually there is no need for long interrupts.
The control processor feeds the necessary parameters for the parallel
processors by storing them to the parallel memory. Also, the results
can be read from the parallel memory. The synchronization between
the DMA controller, the control processor, the VLC processor, and the
parallel processors can be done using interrupts or polling certain
memory locations or state registers.

3.1.1 Scheduling of video encoding operations
and the parallel memory usage

DMA controller takes care of the packet transfers between the external
DRAM data memory and the internal parallel data memory. DMA con-
troller obtains the parameters for the packet transfer from the control
processor. After that, DMA operation is started by the control proc-
essor. These control operations can be done, e.g., using memory-
mapped control registers. There were at most five different locations
in encoding chain where the transfers between the internal parallel
memory and external DRAM were needed:

A. storing the reconstructed macroblock to DRAM (384 bytes),

B. storing the macroblock to be coded to DRAM (384 bytes) (e.g.
from camera),

C. loading the chrominance blocks corresponding to the best match-
ing luminance block from DRAM (we decided to interpolate also
the chrominance blocks and needed 10x10+ 10x 10 = 200 bytes
instead of just 8x8+8x8 = 128 bytes),

D. loading the search area from DRAM for the motion estimation
(the number of bytes depends on the size and the location of the
search area),

E. loading the macroblock from DRAM for the encoding (384 bytes)
Memory transfers are all block transfers. The items expressed with
capital letters in the list above are referred in Figures 3.2 and 3.3.

The scheduling of different video operations for INTER and INTRA
encoding performed by the different processors is shown in Figure
3.2. In the figure, time is running from the left to the right, and one row
is reserved for each unit, namely for the DMA controller, the VLC proc-
essor, and the parallel processors. As shown in Figure 3.2, VLC cod-
ing for the previous macroblock can be continued during the parallel
processing of the current macroblock. There might be short breaks
between the different parallel processing tasks, because of the re-
quired control processor operations. However, we believe that the
duration of the parallel processing for different tasks gives an good
estimate of the object time for the video encoding. The tasks, where
the frequent control processing is needed are marked to the control
processor row. The control processor takes also, e.g., care of the rate
control calculations, main loop control, and branching.

Available time for coding one INTER macroblock

DMA Al B | c | E D
VLC Previous VLC Y4 VLC
Control ME FindHalfPel MB_Pred MB_Reconstruct
Parallel ME Mode | Interpolation | HalfPel MB - DCT Q 1Q IDCT MB + Clip
ME
Available time for coding
one INTRA macroblock
DMA A B E
VLC Previous VLC Y4 VLC
Control
Parallel | DCT | Q | 1Q | IDCT | clip

Figure 3.2 Scheduling of video encoding and DMA operations for different functional units.
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The usage of internal parallel memory areas in INTER coding
Areas for DMA A, DMA B, DMA C, DMA D, DMAE, VLC Control
parallel MB_Recon, Cam / File, Crsforipol, | Search area, Next MB, processor, Processor
operations | Mem areas Mem areas Mem areas Mem areas Mem areas Read MB
ME OR,1R ORor2R - Set coord (OW),
(SAD) 0 (W) Is not rela- Read SAD (0 R)
ted to
Mem areas
Mode OR 1w Set min_SAD
0 (W) ow),
Read Mode (0 R)
Ipol 0(R) ow Set Coord (0W)
1R
2w
HME OR,2R 1w Set Coord (0W),
(HSAD) 0 (W) Read Sad (OR)
MB- OR,2R 1w Set 2 Coords
ow ow)
DCT OR,2R 1w
ow
Q OR 1w Set QP (OW),
2R Set Mode (OW)
ow
IQ OR 1w Set QP (OW),
ow Set Mode (0W)
IDCT OR,2R 1w OR
ow
MB+ OR,2R 1w Set 2 Coords
ow ow)
Clip OR 1w
ow
The usage of internal parallel memory areas in INTRA coding
Areas for DMAA, DMA B, DMAE, VLC Control Processor
parallel MB_Recon, Cam / File, Next MB, processor,
operations | Mem areas Mem areas Mem areas Read MB
DCT OR,2R OR
ow
Q OR - Set QP (OW),
2R Is not related to Set Mode (OW)
ow Mem areas
1Q OR - Set QP (OW),
ow Is not related to Set Mode (0W)
Mem areas
IDCT OR,2R ow OR
ow
Clip OR ow
ow

Figure 3.3 Temporal overlapping of the parallel memory area usage by the coding operations. The parallel memory areas 0 and 1, or 0 and 2
are allowed to be accessed within the same clock cycle.
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Figure 3.4 Memory layouts for the parallel memory areas.

The temporal overlapping of the parallel memory area usage by the
different coding operations is shown in Figure 3.3. The numbers 0,
1, and 2 in Figure 3.3 refer to the parallel memory areas. The two
memory area numbers in a row refer to the parallel access to the cor-
responding parallel memory areas. The letters R and W refer to the
read and write operations, respectively. The brackets around the R or
W imply that the memory operation is applied only to a single or cou-
ple of control parameter. Separate pictures for the INTRA and INTER
macroblock coding are shown.

The main idea behind the proposed memory architecture is that the
entire address space is divided into three different parallel memory ar-
eas. All the parallel memory areas 0,1,2 can be accessed separately.
In addition the areas 0 and 1 (optionally 0 and 2) can be accessed
at the same time. The use of different parallel memory areas for the
H.263 video encoding is shown in Figure 3.4. In the parallel memory
area 0, the space is reserved for three macroblocks, in addition to the
temporal results and the control parameters. Two macroblocks are
reserved for the parallel processing and the third one for the concur-
rent DMA processing. The parallel memory area 1 may contain the

whole search area up to the size of 48x48, which is enough for the
motion vectors to the horizontal and vertical direction in the range of [-
16,15]. The space is also reserved for the two 10x10 pixel chrominance
blocks to be interpolated. Blocks are fetched from the external DRAM,
according to the location calculated from the full-pel motion vectors.
The results of the interpolation, cosine coefficients, and quantisation
coefficients are located on the parallel memory area 2
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Access formats for parallel memory areas
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Figure 3.5 Access formats for the parallel memory areas.
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The proposed access formats to be used in the H.263 video encoding
for the different parallel memory areas and the number of the parallel
processors N are shown in Figure 3.5. In addition, the access format
of a single memory module is needed. This is used when reading the
results and the writing the control parameters. For dealing with the
cosine and quantisation parameters in the parallel memory area 2, an
interrupted row access format for two memory modules is needed. In
addition to these, the access formats which partially cover the access
format F; shown in Figure 3.5, might be needed for the DMA and the
VLC processing. The need depends on the width of the external data
bus and the speed of the VLC memory. The placement sets of some
access formats are restricted to ease the module assignment function
discovery. However, this does not limit the realization of the consid-
ered video encoding operations.

3.2 Video Encoding

Today, the video compression standards like MPEG and H.263 ex-
ploit block-based coding schemes. A single frame consists of a lumi-
nance picture and two chrominance pictures. According to the H.263
standard [8], a luminance picture is divided into 16x16 blocks, which
include four 8x8 blocks each. The chrominance pictures have smaller
resolution, because each 2x2 block is downsampled to a single pixel.
The chrominance pictures are divided into 8x8 blocks. A macroblock
consists of 16x16 block of luminance pixels and the corresponding
two 8x8 blocks of chrominance pixels. This block format is called the
4:2:0 format. The encoding is performed on macroblock by macrob-
lock basis. The compression scheme utilizes both spatial and tempo-
ral correlation. Within a single image, there exists significant correla-
tion among neighbor samples. This is called the spatial correlation.

There is also correlation between successive frames, which is called
the temporal correlation. Both of these correlation forms are exploited
in H.263 coding standard, and it is called the hybrid coding scheme.
The operations of the hybrid coding scheme can be divided into low
level tasks, medium level tasks, and control operations [5]. The low
level tasks are computationally intensive, regular operations with
data-independent function [6], thus fitting perfectly for the SIMD type
of parallel processing. The low level tasks have a completely regular
data and control flow, but they require more than 85% of the overall
computational rate of the hybrid coding scheme [7]. Typical low level
tasks are motion estimation (ME) and DCT/IDCT. We concentrate on
base level H.263 encoding without optional coding modes. Eleven
tasks are processed by the parallel processors, macroblock by mac-
roblock. These tasks are sum of absolute differences (SAD) calcula-
tions for ME, INTRA/INTER coding mode decision, interpolation, SAD
calculations for half-pel ME, macroblock subtraction, DCT, quantisa-
tion, dequantisation, IDCT, macroblock addition, and clipping opera-
tion.

The block diagram of the basic H.263 video encoder is shown in
Figure 3.6. All tasks to be processed by the parallel processors are
shown. The compression scheme utilizes the spatial redundancy or
the similarity of the picture areas by using DCT / IDCT transforms and
quantisation / dequantisation operations. This is called the INTRA cod-
ing. The first frame of the video sequence is always INTRA coded. The
temporal redundancy or the similarities between the adjacent frames
is exploited by using the motion estimation and the motion compen-
sation. INTER coding utilizes both, the spatial and the temporal redun-
dancies. The data to be transmitted is VLC coded, so that the more

Feedback for

Quantiser the rate control

Coding control

Intra Coding Encoded
A\ parameters .
Macroblock |—P — - bitstream
in Frame Macroblock Mux _’| DCT H Quantisation |_’| VLC |_’| Buffer l_>
—> N »
memory subtraction
Inter A
F predictive Dequantisation Predicted
y macroblock - motion vector
MinSAD | Inter/imtra | | §
mode decision Inter \ 4
»
Motion (_]> MllX
vector Motion
compensation | Intra > Macroblock|
y 7y addition
Halfjpel < Reion around
motion Full-vel the best match
. . ull-pel P
estimation motign is interpolated
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Full-pe] Reconstructed
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motion < Frame | macroboc
estimation memory
Motion
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Figure 3.6 Basic hybrid coding scheme adaptation of H.263 [8].
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frequently appearing binary combinations are replaced by the shorter
binary codes than not so frequently occurring binary combinations.
The summing of the encoded and the decoded macroblocks with the
found best matching macroblocks from the previous frame, results up
the reconstructed frame, which is used by the motion estimation and
the motion compensation in the INTER coding. For the best picture
quality, the decoder uses the same reconstructed reference frame in
the decoding as the encoder uses in the encoding.

3.2.1 Motion estimation

In motion estimation, full-search algorithm is not preferred, due to its
huge computing power demand. Instead, a faster motion estimation
algorithm could be used. Typically computing power demand of full-
search motion estimation is lowered by reducing search locations in-
side the search area and / or reducing pixels in block matching. In this
case, the proposed parallel memory access schemes do not support
decimation patterns to be used in block matching. However, search
locations inside the search area can be varied according to a certain
motion estimation algorithm. E.g., logarithmic search algorithm like
3-step search can be employed. Control processor decides the loca-
tions where the block match is calculated. In the ideal case, control
processor is able to calculate the next search location simultaneously
when the current block match is calculated by the parallel proces-
sors.

Motion estimation is usually performed for the 16x16 luminance pixel
blocks. Preferred size of the search area (or window) is related to
the size of pictures, frame rate, and type of movements in video se-
quence. In the default H.263 prediction mode, the motion vectors are
restricted to the range [-16, 15.5]. Several cost functions or match-
ing criterions exists, e.g., mean absolute difference (MAD) or mean
square difference (MSD) [9, 10]. We use here the another common
matching criteria, sum of absolute value differences (SAD). In full-pel
motion estimation, a 16x16 luminance block taken from the restricted
search area of previously decoded luminance picture is subtracted
from the luminance part of current macroblock and a cumulative sum
of absolute differences (SAD) is calculated as follows.
15 15

SAD = & AlCurr(x+k,y+1)-Prev(x+i+k,y+ j+I)| , -peijep.

k=0 1=0

The motion estimation algorithm can be implemented in this parallel
architecture in the following way. First, the control processor stores
search area coordinates to the parallel memory area 0. The current
macroblock is stored to the parallel memory area 0, and the search
area is stored to the area 1. Thus both operands of the subtraction can
be read in parallel and all memory blocks are accessed at the same
time using access format F in both of the parallel memory areas 0 and
1, as shown in Figure 3.5. When the blocks are processed, the abso-
lute differences summed up by each parallel processor are summed
together. This can be done by the control processor or by the parallel
processors using the parallel memory as a communication channel.
Finally, the new SAD is compared to the smallest SAD value so far by
the control processor. If the new SAD is smaller, it is taken as a new
reference SAD with corresponding motion vector information.

3.2.2 Coding mode decision

After the full-pel motion estimation, a decision on whether to use IN-
TRA or INTER coding is made. Decision is based on the following
parameters:

16,16
MB _mean = ( & Curr)/256

i=1,j=1

16,16
A= &|Curr - MB _mean|

i=1,j=1

INTRA mode is chosen if A < (SAD (x, y) — 500). The current lumi-
nance block is stored to the parallel memory area 0 and accumulated
by each of the processors using access format F; shown in Figure 3.5.
The accumulated values can be summed using the parallel memory
as a communication channel between the parallel processors. The
needed shift by 8 is performed by the first parallel processor. MB_
mean is stored to the parallel memory and read by all the parallel
processors. Accumulation of absolute values is again done in parallel
and summing of accumulated values using the parallel memory as
a communication channel. Finally, A is read by the control proces-
sor which makes the INTRA/INTER decision after the comparison. If
INTRA mode is chosen, no further operations are necessary for the
motion estimation. If INTER mode is chosen, the motion estimation
continues with half-pel search around the position found in full-pel
motion estimation.

3.2.3 Interpolation

When the INTER mode is chosen, bilinear interpolation is done to help
half-pel motion estimation and motion compensation. Area to be inter-
polated is taken around the founded full-pel position from the search
area stored in the parallel memory area 1. Also, the corresponding
chrominance blocks are interpolated. Interpolation is performed ac-
cording to the standard, like shown in Figure 3.7. Input values are read
using access format F; shown in Figure 3.5. The interpolated values
are stored to the parallel memory area 2 using access format F .

A B X Integer pixel position
a® boO X O  Half pixel position
a=A
b=(A+B+1)/2
cO dO (A*8*)

c=(A+C+1)/2
d=(A+B+C+D+2)/4,
where " /" indicates division
by truncation.

C D
X X

Figure 3.7 Bilinear interpolation for half-pel prediction.

Before the parallel processors start bilinear interpolation, the control
processor has stored the starting point coordinates to the parallel
memory. The starting point coordinates are calculated from the best
match coordinates founded in the full-pel motion estimation.

3.2.4 Half-pelL motion estimation

In the half-pel motion estimation, SAD is calculated in the eight loca-
tions ((i, j) = (0,0)) around the full-pel location according to the follow-
ing equation.
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15 15
SAD = & &lCurr(x+k,y+1)-Prev(x+i+2k,y+ j+2l)

k=0 1=0

-1eijel

First, the control processor stores the search area coordinates where
the Prev block locates, to the parallel memory area 0. The current
macroblock is stored to the parallel memory area 0, and the interpolat-
ed search area is stored to the parallel memory area 2. Both operands
of the subtraction can be read in parallel and all the memory mod-
ules are accessed at the same time using access format F in both of
the parallel memory areas. When blocks are processed, the absolute
differences summed up by each parallel processor are summed to-
gether. This can be done by the control processor or by the parallel
processors using the parallel memory as a communication channel.
Finally, the new SAD is compared to the smallest SAD value so far by
the control processor. If the new SAD is smaller, it is taken as a new
reference SAD with corresponding motion vector information.

3.2.5 Macroblock subtraction and addition

After half-pel motion estimation, the resulted best match from the
parallel memory area 2 is subtracted from the current macroblock in
the parallel memory area 0. Access format F; shown in Figure 3.5 is
used.

The resulted best match from the parallel memory area 2 is added
to the encoded and decoded difference macroblock in the parallel
memory area 0. The access format F;, shown in Figure 3.5, is used.
In both cases, the starting location in the parallel memory area 2 is
stored to the parallel memory area 0 by the control processor. This is
done before the parallel processing starts.

3.2.6 DCT and IDCT

In H.263, and in many other image and video compression stand-
ards, 2D DCT is used to exploit spatial correlation. The generally used
property of 2D DCT and IDCT is that they can be calculated using 1D
transformations [10]. For example, 2D DCT can be calculated by first
performing a 1D transformation for rows of 8x8 pixel block and after
that for columns of the resulting 8x8 block. When the pixels or the inter-
mediate results of a 8x8 block are stored to the parallel memory area
0 and the cosine coefficients to the parallel memory area 2, they can
be loaded in parallel. Access formats FO, F1 are used for the parallel
memory area 0 in the cases N=2, 4, 8 and access formats F1, F2 are
used in the cases N=16, 32. Since there is no need for data transfers
between the row or column transformations, they can be processed
separately by different processors. In DCT and IDCT, the number of
parallel processors efficiently used is 2, 4, 8, 16, or 24, when the total
number of parallel processors N is 2, 4, 8, 16, or 32, respectively.

The NxN two-dimensional DCT is defined as:

N-1 N-1
F(uv) = %C(U)C(V) a ;a f(x,y)cos (2x2+ ’j)up cos (2y2+ J)vp

with  u,v,x,y=0,1,2,» N-1,
where X, y are spatial coordinates in the sample domain,
u, v are coordinates in the transform domain,
a1
;—— foru,v=0
C(u). C(v) =12 ]
i 1 otherwise

After dequantisation of coefficients, the resulting 8x8 blocks are proc-
essed by a separable two-dimensional inverse discrete cosine trans-
form of size 8 by 8. The inverse DCT (IDCT) is defined as:

N-1 N-1
f(x y):%g :';’:%C(U)C(V)F(u,v)cos (ZX;\?U’U cos (Zy;\})vp

3.2.7 Quantisation
The quantisation parameter QP may take integer values from 1 to 31.
The quantisation stepsize is 2xQP.

COF A transform coefficient to be quantised.

LEVEL Absolute value of the quantised version of the transform
coefficient.

COF Reconstructed transform coefficient.

The quantisation process is defined as:
For INTRA: LEVEL = |COF/| / (2xQP)
For INTER: Level = (|COF| —QP/2)/(2x QP)

The DC coefficient of an INTRA block is quantised as described be-
low. 8 bits are used for the quantised DC coefficient.
LEVEL COF// 8

An input block is read from the parallel memory area 0 using access
format F; and quantising coefficient from the parallel memory area 2.
A DC coefficient is quantised using single pixel access format. Prior
to the parallel processing, the control processor stores quantising pa-
rameter QP and coding mode to the parallel memory area 0.

3.2.8 Dequantisation

If LEVEL = “0”, the reconstruction level REC = “0". The reconstruction
levels of all non-zero coefficients other than the INTRADC one are
given by the following formulas:

IREC| = QP - (2 - |LEVEL| + 1)
IREC| =QP - (2 |LEVEL] +1)-1

if QP = “odd”
if QP = “even”

This process disallows even valued numbers, which has been found to
prevent accumulation of IDCT mismatch errors [8]. After calculation of
|REC], the sign is added to obtain REC: REC = sign(LEVEL) - |REC].
The DC coefficient of an INTRA block is dequantised as described be-
low.

REC = LEVEL - 8

An input block is read from and written back to the parallel memory
area 0 using access format F . The DC coefficient is dequantised us-
ing single pixel access format. Prior to parallel processing, the control
processor stores quantising parameter QP and coding mode to the
parallel memory area 0.

3.2.9 Clipping
Clipping limits the resulted pixel values after macroblock addition
or IDCT between 0 and 255. A macroblock is read from the parallel
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memory area 0 using access format F . The clipped values are stored
back to the same area using the same access format.

3.3 Parallel Memory architecture

The parallel memory area 0 is stored to different memory modules
than areas 1 and 2, which are stored to the same memory modules.
Thus, the total number of memory modules is doubled when com-
pared to the number of the parallel processors. For simpler address
calculation, the memory area widths are selected to power of two
values. The total number of 8- and 16-bit memory locations for this
parallel data memory is 7680. The total number of memory locations
is the same for different number of processors and memory modules.
In module assignment and address functions, multiplication opera-
tions has always one power of two operand. Also, modulo operations
are always taken for a power of two number and nominators in divi-
sion operations are power of two numbers. These things are impor-
tant for simpler implementation and lead to faster address calculation
circuitry.

3.3.1 Module assignment functions

When the number of the parallel processors is 2, 4, or 8, the module
assignment functions for the parallel memory areas 0 and 1 are linear
functions. When the number of parallel processors is 16 or 32, module
assignment functions for the parallel memory area 0 are multi-peri-
odic and for the parallel memory area 1 periodic functions. The mod-
ule assignment functions for the parallel memory area 2 are periodic
functions.

Naturally, access format placements are restricted to the given coordi-
nate space. In the parallel memory area 0 with 16 and 32 parallel proc-
essors, the placement sets for the access formats are more restricted
for easier discovery of module assignment functions. This is ok for
the application, since the macroblock locations are fixed. Placement
sets for access formats of the parallel memory area 1 and 2 cannot be
further restricted, because the motion estimation algorithms require
unrestricted access to search area. However, the access formats are
more simpler than for the parallel memory area 0 and conflict-free
module assignment functions are easy to find.

3.3.2 Address functions

Every parallel memory module has its own address calculation cir-
cuit which implements the proposed address functions for both ports.
Because the parallel memory areas 1 and 2 consists of the same
memory modules, address calculation hardware for those memory
modules has to implement two different address functions for parallel
processing.

3.3.3 Interconnection networks

As shown in Figure 3.1 two full crossbars are needed between the
parallel memory modules and the parallel processors. In addition,
two simpler interconnection networks are needed between the par-
allel memory and CTRL-, DMA-, and VLC-processors. Probably the
most limiting factor in implementing this kind of system could be the
area of the full crossbars.

4. CONCLUSIONS AND FUTURE INTENTIONS

We have presented a parallel architecture for H.263 video encoding,
consisting of SIMD type connected on-chip parallel processors and
parallel memory architecture. There is a support to different number
of parallel processors N = 2, 4, 8, 16, 32. In reality, the silicon area
required by the parallel memory modules, parallel processors, and
crossbars of the design could set a limit to the number of processors
and memory modules on a single chip. Also, the total power con-
sumption of the parallel memory modules and the parallel processors
could be a limiting factor for increasing the number of processors.
Currently, we are making feasibility study for this kind of system. We
are also investigating the suitability of this kind of parallel architecture
and the required architectural changes for H.263 video decoding and
MPEG-4 video coding.
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Abstract:

Measurements of illuminance during a solar eclipse are presented.
The data are compared to theoretical predictions, based on a geo-
metrical model for the obscuration. The model assumes a straight
and uniform motion of the sun and moon as well as a spherical shape
of both, i.e., it neglects any effects of limb darkening. Furthermore,
the sun’s disk is assumed to have homogeneous luminosity, i.e., any
luminosity variations due to sun-spots are neglected. Input param-
eters are the duration of the eclipse, the duration of totality, the impact
parameter, i.e., the distance between the two trajectories of sun and
moon, and the sizes of sun and moon. The model applies to all types
of eclipses, partial, annular and total.

1. INTRODUCTION

A total solar eclipse is one of the most fascinating and wonderful ob-
servations of any natural phenomenon on earth. Some observers of
natural phenomena are yearning for it already for months, some even
for years in advance. During an eclipse, there is a multitude of observ-
able phenomena [1-4] like changes of the illuminance, changes of soil
and air temperatures, changes of shadow features close to totality,
sun images using pinhole cameras, difference in perceived colour of
the sunlight close to totality compared to similar twilight conditions,
observations of planets and stars, horizon sky colours, observation
of the sun corona, naked eye Balmer spectral line observations at the
sun’s rim and many more.

Each phenomenon deserves detailed analysis. Here we deal with an
easily accessible quantity, the changes of illuminance during a partial
eclipse. llluminance is a photometric quantity, which is defined as the
density of luminous flux on a surface. It is measured either in Ix (lux)
or Im/m? and gives a measure of illumination as perceived by a typical
human eye.

Measurements were recorded during the last total solar eclipse close
to Central Europe for years to come in Turkey on March 29™, 2006.
This eclipse was exceptional due to excellent whether conditions with
clear sky during more than 90% of the duration of the eclipse. Since
the illuminance measurements during the partial eclipse were nearly
undisturbed by clouds, it was tempting to have a detailed comparison
to theoretical predictions. Surprisingly, it was not possible for us so far
to find literature in textbooks [1-3] or, e.g., the best available website
on eclipses [5] on the problem of theoretically modelling illuminance
during the partial eclipse phase although, this is probably common
knowledge for astronomers and buried in old literature. Original pub-
lications of the last decades usually focus on sky brightness or ra-
diance (rather than illuminance) as well as polarization, in particular

during the short period of totality, on predictions, and on the influence
on twilight and the horizon colours during totality [6-13]. The closest
statement [6] to illuminance during the partial phase in these papers
was that the sky light may be considered as attenuated sunlight up to
at least 99.8% obscuration.

Didactical papers on solar eclipses mostly deal with descriptions of
the expected phenomena and hints for observers, e.g., concerning
photography. They are usually published slightly ahead of an easily
observable solar eclipse in Europe or America as was done in 1991,
1999 or 2006 in journals like The Physics Teacher, Physics Educa-
tion or other science journals. In all cases, however, there was never
an attempt to relate measured illuminances to theoretical models, al-
though the latter are accessible with school mathematics. The only
exceptions are PC supported experiments on eclipses in binary star
systems [14,15].

In this paper, we present a simple geometrical model for the meas-
ured illuminance during the partial phase of an eclipse. Comparison
to the measurements gives very good agreement. We will not deal
with illuminance or sky brightness during totality, where multiply scat-
tered light from outside the umbral region must be considered.

First, the conditions and experimental data of the recent eclipse will
be presented. Second the theoretical model, which is easily imple-
mented in an introductory physics or astronomy course - e.g. as an
exercise - is developed. Third, the model is extended to describe il-
luminance changes during arbitrary partial, total or annular eclipses.
Finally, after a discussion with a comparison of measurement and
theory, predictions for the illuminance of other total, annular or partial
eclipses are discussed.

2. MEASUREMENTS

21  Location of the 2006 eclipse

Fig. 1 depicts all total solar eclipses from 2001 to 2025. Obviously, the
eclipse of 29" of March 2006 was the last total solar eclipse close to
Central Europe for years to come. It started in the Atlantic Ocean, then
passed over Africa, parts of the Mediterranean before crossing over
Turkey into Asia. The duration of totality was more than 4 minutes in
Africa and still about 3m45s when reaching the coast of Turkey close
to Antalya.

Fig. 2 gives an extended view from the region in Southern Turkey,
where totality was lasting for about 3m 45 s. Measurements were re-
corded at the beach near the city of Manavgat which was very close
to the central line.
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Fig. 1: Survey of the paths of all total solar eclipses in the period be-
tween 2001 and 2025 (after [5]).

Fig. 2: Path of totality of the eclipse of 29th of March 2006.The arrow
indicates the city of Manavgat, where measurements were recorded
(after [5]).

The date of the eclipse had excellent weather predictions and fortu-
nately, the sky during the eclipse was nearly cloudless close to the
beach. Overall, the disk of the sun was only once slightly covered by
very thin Cirrus clouds near the end of the second partial phase.

2.2 Measuring illuminance

llluminance is usually measured by calibrated equipment. The prin-
ciple set up is shown in Fig.3. The detector area must be oriented
perpendicular to the light, which can be done easily by sticking some
object perpendicular to it: its shadow must vanish. The instrument
was oriented each time directly before data were recorded with the
exception of the first three minutes after totality, where data were taken
with the same orientation every 5to 10 s.

Fig. 3: Experimental set up for measuring illuminance of sunlight during
an eclipse.

We used a digital battery operated Mavolux (Gossen) which can cover
the illuminance range from 0.1 Ix up to 199 999 Ix. The absolute ac-
curacy of the instrument is given as 2.5%. Systematic measurement
errors can occur due to the cosine factor, i.e., if the incident light is
not propagating perpendicular to the detector area (see Fig.3). Allow-
ing for deviation angles o of up 2°, 5°, 10° or 20° would only result in
recorded illuminances of 99.94%, 99.62%, 98.48 or 93.97%, respec-
tively. Since during the eclipse measurements — for the sake of sim-
ple transportable equipment - all adjustments were coarse and done
manually, it may be possible, that deviation angles of a few degrees
were present. However, even if a<20°, which seems to be a very large
upper limit, the maximum systematic measurement errors are expect-
ed to be around -6.0%. Read-out errors refer to the last digit and (with
the exception of totality) amount to < 1%.

The eclipse started around noon at about 12.39 local time with a ze-
nith distance below 40°. The first partial phase lasted 76 minutes and
31 seconds, i.e., 4591 seconds. Totality started at about 13.55 for 3
minutes and 45 seconds at the central line and the eclipse ended
around 15.13. The shadow of the moon had a size of about 170 km
(compare Fig. 2), which — together with the duration of totality - gives
a central shadow velocity of about 760 m/s. Fig. 4 depicts the experi-
mental results, i.e., the measured illuminance as a function of time on
a linear as well as on a logarithmic scale.

The time scale in Fig. 4 starts about an hour prior to the start of the
eclipse to account for long term fluctuations in illuminance. None were
observed, since the sun was quite high in the sky and any changes
due to changing air mass with sun elevation [16] during the eclipse
were negligible.
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Fig.4: Measured illuminance during solar eclipse of 29th of March
2006 near Manavgat/Turkey on a linear (left) and logarithmic (right)
scale. The lines are no fit, but should just guide the eye.

Maximum illuminance values increased from about 112 000 Ix prior
to 113 000 Ix after the eclipse. These values are typical for sea level
measurements with clear skies around noon time [17]. As expected,
the illuminance curves reveal a rather symmetric shape for both partial
phases. At first glance, the decrease from beginning to totality seems
to be nearly linear. However, a closer look reveals a complex shape
(see Sect. 3). During totality, the background illuminance of about 5 to
6 Ix is dominated by multiply scattered light from outside the umbral
region [6]. It usually shows asymmetric behaviour, which we did not
investigate any further due to our manual technique of data recording:
we did only record 3 data points during totality. The first few minutes
directly after totality were measured in 5 to 10 s intervals and revealed
an increase in illuminance by a factor of 10 in the first 10 s and more
than a factor of 100 within the first minute.

During the disturbance by cirrus clouds close to the end of the sec-
ond partial phase, illuminance was fluctuating in the indicated range.
These values were not used for the later comparison between experi-
ment and theory.

In order to have reference values, Tab. 1 gives typical illuminance val-
ues for certain well known conditions. The illuminance for direct sun
light for a cloudless sky varies strongly, depending on the optical air
mass [16]. The given value 70 000 Ix is a typical lower limit. Outside of
the atmosphere, it can reach values of about 140 000 Ix [17].

Full moon appr. 0.25 Ix
Limit for color vision appr. 3 Ix
Street lights 1-161Ix
Living room lights 120 Ix

Good working room con- 1000 Ix

ditions

Overcast sky order of 10 000 Ix (depends on sun

elevation + cloud thickness)

Cloudless sky, direct sun, > 70 000 Ix (depends on sun ele-
summer vation)

Table 1: Typical illuminances

3. THEORETICAL MODEL FOR ILLUMINANCE DURING

THE PARTIAL ECLIPSE
3.1 Basic idea of the model
The principal idea for a theoretical modelling is illustrated in Fig. 5.
It assumes, that the illuminance is directly proportional to the unob-
scured area of the disk of the sun.

The measured illuminance is, of course, due to two contributions, di-
rect sunlight and skylight, which is either singly or multiply scattered
sunlight [17]. The skylight brightness varies as a function of the dis-
tance from the sun as many investigations have shown [17,18]. This
has, however, no influence on illuminance measurements, since the
sun is high in the sky during the eclipse and the detector is always
oriented towards the sky centred around the sun. Experimentally, the
two illuminance contributions are easily found by recording two meas-
urements, the first one including all contributions (as was done for the
eclipse) and the second one, for which the direct sunlight is blocked
off by an object which only covers a small portion of the solid angle
contributing to the skylight. The relative skylight contribution varies ac-
cording to the content of scatterers in the atmosphere. For clear skies
around noon, it typically amounts to between 10 and 20 % of the direct
sunlight contribution, for hazy skies more than 30% are possible.

Based on the theory of extended light sources, it is obvious, that the
direct sunlight contribution is proportional to the unobscured area of
the disk of the sun. A similar statement, however, also holds for the
skylight [6] which “may be considered as attenuated sunlight up to
at least 99.8% obscuration.” In the present case, the remaining 0.2%
correspond to a time interval of 10 seconds, i.e., the model should
work quite well with the exception of a few seconds around totality.

The eclipse is modelled by letting the opaque and dark new moon
cover part of the sun”s disk. The eclipse starts when both disks are
touching and totality occurs for 100% covering of the sun. The dura-
tion of totality depends on the relative size of the disks of sun and
moon and their relative velocity. The theoretical model calculates the
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unobscured area of the sun as a function of coverage, which is related
to time.

Fig.5: Scheme for modelling the solar eclipse: illuminance is propor-
tional to the unobscured area of the disk of the sun.

3.2 Model assumptions and input parameters

In order to model the measured illuminance data, some simplifying

assumptions are made in order to address the problem at school and

undergraduate university course level.

= he sun and moon are treated as disks which are assumed to have
exactly spherical shape. This assumption neglects any limb ef-
fects, e.g. of lunar mountains, which give rise to the diamond ring
effect during the last seconds before totality. It also neglects any
effects of prominences. For the present observation, this seems
justified, since prominences usually depend on sun spot activity
and go along with observations of the red Balmer line rim regions
of the sun during totality. During the last European eclipse of Au-
gust, 11th 1999, there were many sun spots and easily observable
red light due to prominences close to the rim. However, the 2006
eclipse was occurring close to a sun spot minimum and naked
eye observations were not quite successful in seeing any red light
prominences. Hence, we conclude, that prominences close to the
rim were not having an influence on our measurements. Overall the
assumption of exact spherical shape seems therefore not to be a
severe restriction. It should hold with the exception of the last few
seconds around totality, i.e., for nearly all of the partial phase of the
eclipse, which is treated here.

= Fir simplicity, the trajectories of sun and moon were considered to
be straight lines rather than the actual curved paths. This again is
not a severe restriction, since comparison can be made accord-
ing to the degree of coverage, which is independent of the type of
motion. If necessary, the model could be extended to predefined
trajectories.

= The relative velocity of sun and moon was assumed to be constant.
Again, this assumption is nearly fulfilled, since the duration of the
eclipse is short compared to the time scales, required for the earth
and moon on their elliptic paths around sun and earth to appreci-
ably change their velocities.

= The brightness of the sun’s disk is assumed to be homogeneous
which means that any effects due to prominences and sun spots
are neglected. Again, this assumption is quite reasonable for the
2006 eclipse, due to the very low activity of the sun.

In order to calculate the illuminance for any type of eclipse, several in-

put parameters have to be chosen, namely the duration of the eclipse,

the duration of totality or annularity, the impact parameter, and the

sizes of sun and moon.

= The duration of the eclipse as well as of totality on the central line
is usually known. These and many other eclipse data have been
calculated for hundreds of eclipses of the past and the future [5].

= The most simple case for an eclipse refers to being on the central
line. In this case, the trajectories, fixed in the centre of sun and
moon, would be collinear. For all other cases, the trajectories will
be parallel with an impact parameter which is the minimum dis-
tance between the centres of sun and moon during the eclipse
(Fig. 6).

Fig. 6: Geometry of the projected disks of sun and moon during a par-
tial eclipse. The arrows indicate the directions of the motions.

= The apparent size of sun and moon depends on the distance
between sun and earth as well as on the one between earth and
moon. Obviously, their values depend on the locations of earth and
moon on their elliptic paths in space. The angular size of the moon
may vary between the limits 29°22"" and 33°30"" (due to variations
of earth-moon-distance between 356 410 km and 406 740 km) and
the respective values for the sun vary between 31°32"" and 32736™"
(due to variations of earth-sun-distance between 147 100 000 km
and 152 100 000 km).

= Due to the variations in observed size, the angular diameter of the
moon can be at maximum 1.062 times the angular diameter of the
sun, producing the longest total eclipse of 7 minutes and 31s. Simi-
larly the angular diameter of the sun can be at maximum 1.11 times
the angular diameter of the moon (i.e. moon diameter/sun diam-
eter=0.90), producing the longest annular eclipse of 12 minutes
and 30s.

= For the purpose of our model, we deal with apparent radii and dis-
tances, which are given as dimensionless numbers with respect
to the angular radius R of the moon. Hence, variations of the sun
radius occur within an interval of 0.90R to 1.062R.

3.3 Theoretical model for illuminance during solar eclipses:

In order to easier understand the theoretical model, we will first de-
scribe the situation for an arbitrary obscuration. Then, the relative mo-
tion of sun and moon as a function of time is connected to the degree
of obscuration to give the illuminance as a function of time.

a) degree of obscuration and illuminance

Fig. 7 depicts the geometry: the area of the sun is partially covered
by the moon. The two centres lie on the interrupted line. This situation
corresponds to a certain moment in time during an arbitrary eclipse.
The relevant parameters are radius r of sun, radius R of moon, angles
o and B of the centres to the points where the perimeters cross each
other and the distance d of the sun along the line of movement, which
is already covered.
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Fig.7: Geometry for calculating the degree of obscuration during a
solar eclipse.

Obviously, the degree of obscuration p is given by the ratio of the
sun’s area, which is covered by the moon Acov (this corresponds to
the shaded area, where the distance d is indicated) to the sun’s area
Asun=mr2. The major problem consists in calculating Acov. Accord-
ing to the expanded view in Fig.8, Acov is composed of two parts with
different form (two shaded areas) since the radii r and R of the bound-
ary lines are generally different.

Fig. 8: Expanded view of the portion of the sun which is covered by
the moon.

The shaded area to the right, determined by (BECDB) is given by
the area r2-o. of the segment of the circle (MBDCM) minus the area
of the Triangle (MBCM). The latter is twice the area of the triangle
(MEBM), which is the product (r-cosa) - (rsina). Hence, the shaded
area (BECDB) is given by r2-(ao—coso.sina).

Similarly, the other shaded area is given by R2:(B—cosf-sinf).

The only remaining problem is to calculate the angles oo and B as a
function of r, R and d.

Fig. 9: Expanded view of Fig. 7, defining the angles o and .

According to Fig. 9, cos a and cos 3 can be computed using the law
of cosines in the shown triangle. One finds, e.g.,

R*=r2+(R+r-d) -2r(R+r-d)coso @
which gives
1 PR +R+r-d)
cosoL = —
2 F (R+r-d) @

A very similar relation holds for cosf such that we can write the final
result for the degree of obscuration p as:

_ r*(o —sino cosot)+ R*(B —sinB cosP) ©)
m’

P -R*+R+r-d)’

with cosQl :l
2 r (R+r-d)

1 RP=r*+R+r-d)’

and cosp =— 4
P 2 R (R+r—d) @
The normalized measured illuminance L/L _ is then given by:
L
=1- ®)
I p

In the following, examples for the obscuration due to total, partial
and annular solar eclipses will be treated (we neglect hybrid eclipses
where along certain portions of the path, the eclipse is total and for
other portions it is annular).

b) Relating obscuration to specific parameters of an eclipse

The geometry of Fig. 7 does not yet include the movement of sun and
moon. For simplicity, we will keep the sun fixed and let the moon move
alone. Fig. 10 shows the most general geometry, which — compared
to Fig. 7 is rotated. The sun is kept fixed and the moon is moving from
top to bottom along the vertical. From Fig. 10, it is obvious, that the
impact parameter a is the minimum distance, that the centres of sun
and moon can have, which occurs for greatest obscuration when the
distance s is zero. The impact parameter a as well as the radiir and R
of sun and moon define the type of eclipse.

Fig. 10: Geometry for an arbitrary eclipse, occurring for impact param-
eter a between sun and moon.
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From the law of Pythagoras for the rectangular triangle, it follows that
(r+R-d)>=a?+s?, hence:

d=r+R-+a*+s* (6).

Any particular distance x which is traversed in time t along the moons
trajectory can be easily described as x=v*t where v is the relative ve-
locity between sun and moon. The latter is related to the period t _ of
the eclipse from first contact to the start of totality or from first contact
to last contact t,.

In Fig. 10, the first contact would correspond to a situation where the
moon would just touch the sun at a distance s, above the horizon-
tal line (defined by a). Due to symmetry, the last contact would cor-
respond to a similar distance s; below the horizontal line. The total
distance travelled between first and last contact is then given by 2s,.
Obviously, the velocity v is given by either

2s
y="2
t

or y=-—2 )

all tpar

We consider now the change of s from first contact to maximum ob-
scuration. Moving with constant velocity v along the vertical direction,
the distance s as a function of time from first contact to totality de-
creases from s, to zero according to:

t
S(t):SO 1—17 ®)

par

Now, all equations are given, which are needed to calculate the illu-
minance of any given eclipse during the partial phases. Inserting s(t)
from Eqg.8 into Eq.6 gives d(t), which is needed to compute cosa and
cosP (Eq.4). The latter are used to compute the degree of obscuration
p (Eq. 3) and the normalized illuminance (Eq. 5.).

c) Specific conditions for partial, total, and annular eclipses

The above equations have been used to produce xIs-files, which cal-

culate the degree of obscuration and normalized illuminances. The

input parameters of these files are:

— radius of sun r and radius of moon R; usually only the dimension-
less ratio R/r is used

— the impact parameter a is usually also given as dimensionless units
alr

— either the time from first contact to maximum obscurationt , or the
total time t,, of the eclipse

— for total eclipses also the time of totality t_ .

— for annular eclipses the times t,, between 1 and 2" and t,, be-
tween 2" and 3" contact.

— (the four contacts are defined by any apparent touching of the pe-
rimeters of sun and moon)

The most general case of an eclipse is a partial eclipse. It is defined
by O<a<r+R.

A total eclipse is defined as a special case of a partial eclipse for a=0,
if R>r. Here, illuminance is calculated from first contact to totality. Dur-
ing totality, p is set to unity and illuminance to zero. During the second
partial phase degree of obscuration and illuminance are symmetrical
to the first partial phase. A total eclipse does also easily allow to cal-
culate the ratio of the radii of sun and moon, since

Ry Lo ©)
r tpw’

An annular eclipse is treated similar to the total eclipse, however, R/r
< 1. Again, the ratio of the radii of sun and moon is connected to the
respective times. If t,, denotes the time between 1% and 2™ contact,
and t,, the time between 2" and 3" contact (while the moon is travel-
ling in front of the disk of the sun) one finds:

Iy (10)
t, +t,

S | =

d) Example for most simple analytical solution

The above equations allow to compute the degree of obscuration and
the illuminance for any eclipse. This procedure works easily with com-
puter programs like Excel or Origin etc., however, there is also one
very simple analytical solution available. For r=R, and for a location on
the central line (a=0), this corresponds to a duration of totality of zero,
one immediately sees that a = 3 and therefore

_ 2(o. —sino cosol) (1)
T

From Eq. 6, the distance d(t)=2R-s(t) and from Eq. 8, s(t) = s (1-
t/tpar)=2R-(1-t/t ), hence

par

d(t) = 2 R-(t/tpar) (12).

As expected, Eq. 12 gives the initial condition d=0 at the start at t=0
and d=2R at the moment of totality at t=t . Inserting d into Eq. 4
leads to cos a=(1- t/t ) and Egs. 5 and 11 finally give:

par:

L=L 1—z arccosl—L -
T

Eqg. 13 has the advantage, that it gives the illuminance analytically as a
function of time t from the start of the eclipse until totality. The second
partial phase will be symmetric.

4. COMPARISON OF MEASUREMENT AND THEORY

The experimental data from Fig. 4 have been compared to the theo-
retical prediction. The input parameters for the model were t, =224s,
t ,=4591s, giving R/r=1.0488. This may only apply to the data within
several percent since the exact location of the beach, where data were
taken, was not precisely determined, it was a few km distant from the
central line, thereby slightly decreasing both times by a few seconds.
Fig.11 gives the computed degree of obscuration p as a function of
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time after the start of the eclipse. On top, the obscuration of the sun
by the moon is indicated for several times.

Fig. 11: Modelled degree of obscuration of the sun as a function of time
during the eclipse of 29th of March, 2006.

A direct comparion of measured illuminance during the first partial
phase with this model is shown in Fig. 12. After the second partial
phase, the illuminance was slightly higher than before the eclipse. This
increasing trend could be accounted for in a more thorough analysis,
which was, however, not performed here, since the overall deviations
due to experimental errors and theoretical uncertainties are anyhow
expected to be around several percent. In the first partial phase, most
experimental data are slightly below theory as was expected from
the systematic error due to the manual alignment. Fig. 13 depicts the
same data and theory for the whole eclipse with a logarithmic scale
in order to better visualize the huge decrease in illuminance by more
than a factor of 20 000 during the eclipse. The overall agreement is
very good.

Fig. 12: Comparison of data from the 2006 eclipse and theory on a
linear scale.

Nachtragliche Ergénzung: In der Zwischenzeit wurde das Modell er-
weitert durch Beriicksichtigung der Randverdunkelung der Sonne.
Dies fuhrt zu einem deutlich verbesserten Vergleich zwischen Theorie
und Messung. M.V.; K.-P. M., Méarz 2007

Fig. 13: Comparison of data from the 2006 eclipse and theory on a
log scale.

5. APPLICATION OF THE MODEL TO OTHER ECLIPSES AND
LIMITATIONS

The model for the illuminance during solar eclipses can be easily ap-
plied to other total eclipses as well as annular and partial eclipses.
Figs. 14 and 15 depict results for total eclipses (which for the sake of
simplicity had the same t  =4591s as the eclipse from March 2006)
with different durations of totality. t,,,=0.0min corresponds to a hybrid
eclipse which just reaches totality at one point on earth. At first glance,
all three illuminance curves look the same, however, the larger the
radius of the moon, the faster is the drop of illuminance. For example,
the eclipse with 7 minutes totality has reached the 10% level of illumi-
nance already 73 s earlier than the hybrid eclipse (see Fig. 15).

Fig. 14: Comparison of predicted normalized illuminances for several
total eclipses.
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Fig. 15: Expanded view of Fig. 14, showing the differences between
the eclipses.

Fig. 16 depicts three different annular eclipses. Again, t . was arbitrar-
ily chosen to be 4591 s. Decreasing the apparent size of the moon by
5% and 10% does not only lead to a faster drop in illuminance, but also

to residual illuminances of 10% and 20%, respectively.

Fig. 16: Normalized illuminances for several annular eclipses.

Finally, Fig. 17 gives examples for the illuminance of partial eclipses.
Partial eclipses can be observed much more often. The Figure de-
picts normalized illuminances for R=r and several impact parameters.
In the case of a=R, for example, the rim of the moon would just touch
the center of the sun’s disk at greatest obscuration of about 39%,
giving rise to a normalized illuminance of about 61%. The same effect
could normally result if some clouds were blocking direct illumination
by the sun. This may also explain, why many people do not notice a
partial eclipse from illuminance changes, alone.

One word of caution: a comparison oft, andt _ in Fig. 14 as well as
from actual data of very long total eclipses (e.g. the 1991 eclipse in
Mexico with 6m 53 s) would lead to ratios of radii above 1.062 when
using Eq.9. Similar problems occur for the very long annular eclipses.

This shows the limitations of our model due to the model assump-
tions, in particular the straight motion rather than the actual curved
trajectories.

Fig. 17: Normalized illuminances for several partial eclipses.

Of course, this model shall give a first explanation of the measured
illuminance curves as may be treated in undergraduate courses. For
this purpose, itis still possible to draw reasonably quantitative conclu-
sions from Figs. 14 to 17. If, however, very high precision is required,
the model should be extended by using realistic curved trajectories.

6. CONCLUSIONS

Measurements of illuminance during the partial phase of a solar
eclipse have been compared to theoretical predictions, based on a
geometrical model which applies to all types of eclipses, partial, an-
nular and total. The comparison showed very good agreement, re-
garding the crude measurement with manual adjustments. The model
is simple enough to be treated in undergraduate physics courses or at
school level. Its practical use is, unfortunately, limited to the rather rare
events of solar eclipses. Fig. 1 gave a survey of total solar eclipses
until 2025, a similar graph for annular eclipses and other graphs and
data for the more distant future are available [5].

Obviously there are some chances to observe total eclipses and
measure illuminances in the near future, however, Europeans must
travel quite far — at least for totality. Besides the one of August, 1%,
2008, and disregarding any wheather predictions, the best choice for
the near future is the eclipse of 22" of July 2009, which can be ob-
served mostly in India (in the morning hours with low sun) and China.
It belongs to the eclipse family of Saros 136 and is the sequel of the
eclipse of 1991 in Hawaii. It will last a near record 6 minutes and 39 s.
After this one, the really good next chance will probably be the sequel
of the 1999 European eclipse which will happen in August 2017 all
across the United States. Still a long time to go, but definitely worth to
go for them - not only for doing measurements, but just to enjoy one
of the most spectacular phenomena of mother nature.
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ABSTRACT

Rolling contact fatigue generates cracks on the running surface of
high strength railway rails which grow under a small angle into the rail
head. These cracks can cause in its last stage the fracturing of the rail.
The crack extension behaviour is — as the origin of these cracks too
—influenced by the cold working of the rail steel. The crack growth in
the first stage is fracture mechanically analyzed by means of two-di-
mensional modelling. The simulation results are assessed for the use
of rail grinding. A criterion for the change of the crack growth direction
could not be derived, but the following stages of the crack growth in
the transverse direction and the final fracture and the conditions for
secondary fractures are considered.

1 THE OCCURRENCE OF RAIL DEFECTS

By means of many technical developments the operation of the rail-
way especially the properties of the railway rails have been improved.
According to the increased standards the resistance of the rails are in-
creased. The increased strength properties lead to an increased wear
resistance of the rails. Due to the minimized wear of the high strength
rails the initial defects were not removed by the service itself. The initial
defects develop into rolling contact fatigue cracks.

2 ROLLING CONTACT FATIGUE (RCF)
AND THE CONSEQUENCES

The RCF defects are classified according to their geometry as either
squats or head checks. Squats are cracklike single defects in the mid-
dle area of the running surface which originate on the surface and
extend under a shallow angle in the direction of the train, in a smaller
amount in the opposite direction. Head checks are cracklike defects
on the running edge in a large number which are shallowly inclined
in the driving direction. Both kinds of defects originate from the cold
working of the rail steel due to the contact load.

The fine Head Checks have a distance from 1 to 7mm from each other.
This type of the crack formation mainly appears in bendy track sec-
tions which are exposed to a high traffic load [1]. While the conse-
quences of the Head Checks were noticed for a long time only with
regard to spalling at the running edge, it has been known for several
decades [2] that these defects also can cause the fracture of the rail.
The danger of a derailment by fractures because of Head Checks has
to be assessed similarly as the endangering by cracks which starts on
engine burn defects at the running surface over longer rail areas [3].
Since the Head Checks extend over large areas of the rail large rail
pieces can break off in the end.

Since it was known that RCF not only causes cracks but also frac-
tures, the usual rail grinding was used as countermeasure for the
crack extension. In addition the expert committee 19 of the European
Rail Research Institute (ERRI) dealt with the difficulties of these de-
fects in the nineties.

The derailment of a high speed train of the GNER at October, 17 in
2000 at Hatfield near London shows the serious consequences of
failure of RCF damaged rails. In a curved track the train destroyed at a
speed of 115mph the outer rail of 35m length in more then 200 pieces.
Four passengers died at this accident. [4]

3 FEM CALCULATION OF STRESS INTENSITY
FACTORS OF RCF CRACKS [5, 6]

To reduce the variety of influence parameters the fracture mechanical
problem was solved by means of a two dimensional model of contact
and bending (fig. 1). Because of the idealisation as a two-dimensional
model the combined contact-bending-load could not be simply real-
ized with a wheel force. Therefore the dynamic wheel force was used
first to realize the true bending of the rail. Then the rail was held tight
in this bent situation and the wheel force was 20% increased to realize
the true contact force on the running surface, which was found out by
a comparison calculation.

Fig. 1: Fracture mechanical model, definition of length, depth and an-
gle of the RCF cracks
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The variation of the distance between the wheel and the crack shows
that the essential crack tip loading is given by the stress intensity fac-
tor K, (fig. 2).

Fig. 2: The contact-bending-load caused K, vs. wheel position related
to the crack mouth

The single crack shows the highest tip loading in comparison with the
multiple cracks of equal, smaller respective larger crack size. There-
fore the single crack was generally adopted for all following analyses.
Figure 3 shows the range AK, of the stress intensity factor of Mode |l
for different crack front depths t and crack angles .

169 AK , [MPaVm]

F=150kN
13 4 1=0,4

——a=5°
——a=10°
—a=15°
——0=20°

—— =25°

crack depth t [mm]
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0 1 2 3 4 5 6 7 8

Fig. 3: The contact-bending-load caused AK vs. crack depth

4 MATERIAL INVESTIGATION ON COLD WORKED
RAIL STEEL [5, 6]

Used rails show a considerable enlargement of the hardness on the
gauge side of the rail head with modified fracture mechanical proper-
ties. Since no fracture mechanical specimens with the relevant prop-
erties of the cold worked steel can be taken from the running edge
area, specimens with a thickness of 37.5 mm taken from the rail head
were cold worked down in different measure to thicknesses of at least
25 mm. From this preconditioned material DCT-specimens for the
determination of the crack growth properties were taken. The investi-
gation of the growing cracks shows a pronounced orthotropy of the
crack growing properties [7, 8].

The tests were carried out with specimens in whom the direction of the
cold working direction and the direction of the notch have differences
of 15° and 30°. Despite the original Mode | loading of the notches,

the cracks extend nearly straight in the direction of the cold working
(fig. 4).

Fig. 4: Specimen with 30° deviation between the direction of cold work-
ing and of the notch

The evaluation of the crack growing tests was carried out in analogy
to the calculation of the energy release rate (or crack extension force)
G by means of the relation

AK, = \JAK? + AK?

un

for the threshold value K, and for the growing properties by means

of the modified Paris law

d n
o0 MK =C JAKP + DK
dv

All specimens were evaluated individually by means of the FEM ac-
cording to the experimental determined crack parameters.

5 SIMULATION OF THE BEHAVIOUR OF THE RCF CRACKS
(5, 6]

The material investigations show a dependence of the fracture me-
chanical properties on the degree of cold working of the rail steel. The
different material properties are correlated by means of the hardness
HV30 to a certain depth under the surface of the rail head. The change
of the hardness in the rail is given in fig. 5. The crack growth proper-
ties are compiled in table 1 depending on the degree of cold working
respective on the depth under the surface. Between the values (n, log
C) it was interpolated linearly, up to the “crack depth” t =0 mm it was
extrapolated linearly.
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Fig.5: Change of the Hardness HV10 from the running edge into the
inside of the rail damaged by Head Checks

Table 1: Crack growth properties depending on the crack depth t

Degree of cold | hardness Crack depth ti Paris log. Parisfaktor Paris factor C in Standard deviation
working HV30 n mm exponent n logC mm:(N/mm?/2)-" S da/dN
extrapolated 0,00 1,902 -9,12952 74214 107%°
33,1% 320 1,45 2,252 -10,37022 4,2636 104 0,26704 mean value:
20,5% 301 2,15 2,419 -10,96194 1,0916 10 0,19276 0,2590
10,7% 287 2,95 2,933 -12,40079 3,9738 101 0,29264
0% 273 5,00 5,477 -19,70270 1,9829 1020 0,28354

The scattering crack growth was considered by the equation

da

da ~ -
v =—(P)=C exp(z, Sy 4urav) DKY

scattering dN
with z_as a normal distributed random figure with the mean 0 and the
standard deviation 1.

In a preliminary analysis the non-exceeding crack sizes t, were calcu-
lates for the different crack angles. The initial crack size for the follow-
ing crack growing calculation according to the modified Paris law was
assumed ast=0.5 mm...

The results of the FE calculations with the two-dimensional model
shown in fig. 3 are the basis for the load assumptions at the simula-
tion calculations. It was interpolated linearly between the calculated
values AK| for the crack depths of 1, 2, 3, 4, 5 and 6 mm. For the
“crack depth” of 0 mm it was assumed that AK, = 0.

The crack growth calculations between a predefined initial crack size
and a predefined final crack size can be varied so that the initial crack
size is assumed as constant or that the final crack size is assumed as
constant. The latter variant is for the practice of greater importance
because the cracks of different size shall not exceed a limit dimen-
sion. The results represented in fig. 6 show a very broad scatter field.
The curve which has a crack growth rate probability of 90% is repre-
sentative for the fastest crack growth.

The RCF cracks existing in railway rails have different angles relating
to the running surface. In the Monte Carlo simulation were used: Head
Checks — mean 16,4°, standard deviation 4,2° (according to 47 own
measurements), Squats — mean 10,1°, standard deviation 3,6° (ac-
cording to 49 measurements [9]).

Fig. 6: Residual traffic mass for a 15° inclined crack at a crack growth
from t, up to a permitted crack depth t,, .. .= 5mm

That curves which represent the fastest crack growth are given in fig-
ure 7.
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Fig. 7: Residual traffic mass for the 90%-crack-growth from t; up to a
permitted crack depth t =5mm for 15° inclined cracks as well as

allowable

for Head Checks and Squats

As experience shows the inclined RCF cracks change there growing
direction into the cross section of the rail in the depth of about 5mm. A
theoretical criterion or criterion found out experimentally for the
change of direction could not be found. Therefore this crack depth
must be considered as the operating limit dimension ;. .bie max -
The representative crack growth curves which are found out by Monte
Carlo simulation are surpassed in 10% of the cases, the permitted
crack growth curves (with maximum crack growth speed) must be
derived from them by safety coefficients chosen usefully. These as-
sessments were realized by two different considerations and are il-
lustrated in fig. 8.

Variant 1: The representative curve is moved to below:

At with

allowable,max - max

t =t

allowable

A
tmax = S,j At (Pa = 90%) and Sd > # =1 5
Di(P; =90%)

Variant 2: The representative curve is moved to the left:

= 0No
- N =90%) iy S, = S0,

o

N =N,

NDT-Cycle allowable — S
dar/dN

Sy =1.2, Paris exponent n =2

The assessment by variant 2 shows the more conservative results.
The assessment by variant 1 should not correspondingly be exceed-
ed in the practice.

Fig. 8: Assessment diagram for RCF defects in rails UIC60

There are no practical experiences with growing RCF cracks. There-
fore it is useful to replace rails with cracks of certain depth found non-
destructively at the latest in accordance with the representative crack
growth curve (variant 1 or 2). If there exist sufficient practical experi-
ences at a later time, then the next non-destructive rail test could be
carried out within the permitted rest operating time.

Regarding the specification of the rail grinding cycle the phase of the
crack initiation could not be included in the fracture mechanical analy-
ses and assessments. For this reason a periodical non-destructive
test with determination of the damage depth is required. If a certain
depth of the crack fronts has been established, the remaining time for
the execution of the rail grinding process can be fixed with the help
of the assessment diagrams. Practical experiences with a railway line
show that the crack initiation phase is about three years. After this time
0.54mm deep cracks had formed [10].

6 SIMULATION OF THE BEHAVIOUR OF THE TRANSVERSAL

CRACKS [5]
The analysis of the stable and the unstable extension of transverse
cracks in rails UIC60 with a horizontal crack front (fig. 9) was carried
out using the extreme value of the so called negative bending moment
between the both action points of the wheel forces of the size
M, =2 Funea L exp(-1/2)

4

with the dynamical wheel force of F, . = 150kN and the basic length
L = 651mm. The temperature stresses are given by the difference be-
tween the real rail temperature and the stress free temperature. It was
assumed that the original stress free temperature was equal distribut-
ed between 20°C and 26°C. The real stress free temperature scatters
with a standard deviation of 4,2K around the original value.
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Fig. 9: Fracture mechanical model of transverse cracks

The fracture condition g =K, is a non-linear equation for the

Imax
crack size a. For the simulated fracture conditions these relation
shows a considerable scatter (fig. 10).

Fig. 10: Probability distribution of the size of critical transverse cracks in
rails UIC60 derived by Monte Carlo simulation

To exclude the rail failure, the maximum allowable crack size which lay
under the real minimum of the critical crack size must be prescribed.
Starting from the representative minimum value of the critical crack
size (with a survival probability of 90%) and a safety factor of 1.4 which
is related to the crack size [11] it follows

- ac(psurvival = 90%) - 2547 mm

allowable, max S 14 = 18 mm.

a

ac

.The growth of the transverse crack in rails UIC60 leads for the given
wheel forces and temperatures to widely scattered results (fig. 11).
The curve of the allowed, i.e. fastest crack growth is derived by the
relation [11]

Aa__ with

allowable, max max

a =a

allowable

Ao =S, AA(P, =90%)and S, >— 0w 15
Aa(P; =90%)

Fig. 11: The scatter field of growth curves of transverse cracks in the
head of rails UIC60

Depending on the track loading conditions the residual life can en-
close different temperature periods. If necessary it can consider the
rail temperature distribution of the whole year or the temperature dis-
tribution of the of the winter quarter (fig. 12).

Fig. 12: Assessment diagram for RCF caused transverse cracks in the
head of rails UIC60 considering the temperature loading in the whole
year resp. the winter quarter

7 SIMULATION OF FOLLOWING FAILURES [5]

A rail with a transversal fracture caused by RCF cracks, which is used
further, is loaded by bending like a beam fixed on one side (with a
length of maximum about 450mm). Japanese examinations [12] show
in this case with 250km/h vehicle speed that the wheel forces increase
from their static value (100kN) to the double value at a standard devia-
tion of the speed coefficient of 0.31.

Under the assumption of transverse cracks with a horizontal crack
front it results in a representative minimum value of the critical crack
size

a. (P, =90%) =5.22 mm

urvival

The reduction of the stress intensity factors to 66% - to take the bend
of the crack front on the one hand and the residual compression
stresses at the running surface on the other hand into consideration
- results in a critical crack size o, (P = 90%) = 9.32mm. Under

survival
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these almost realistic conditions the minimum value of the size of criti-
cal cracks can lie within the range of 6 to 7mm and with that in the size
of the deepest RCF cracks. If there are such deep RCF cracks it is not
excluded, that crack damaged rails will break into many small pieces
in a kind of chain reaction - as it was the case in Hatfield.

8 CONCLUSIONS

The problem of crack extension due to RCF which is important for all

railway rails is considered by means of the linear fracture mechanics.

The essential assumptions are:

= The cold working of the rail steel is essential for crack growth.

= The modelling as a two-dimensional problem is at present stage
better than a complete three-dimensional FEM analysis to get a
practically applicable solution.

= The rail is loaded on its running surface with distinct forces to real-
ize the bending (with compression stresses in the head) and the
contact stresses. This assumption is necessary due to the two-
dimensional modelling.

The analyses were carried out for the rail profile UIC60, the rail steel
900A, static wheel forces of 100kN and a train velocity of 250km/h.
Head checks and squats are distinguished by their different inclina-
tion angles.

The experimental crack growth examinations of cold worked rail steel
show a pronounced orthotropy of the fracture mechanical properties.
Contrary to the original assumption that crack growth examinations
under pure shear crack tip loading enables the determination of the
wanted properties, the cracks branched immediately. Therefore the
original intention of finding a criterion for the change of crack growth
direction on an experimental basis could not be realized. The wanted
fracture mechanical crack growth properties of the cold worked rail
steel were found out under a Mixed-Mode |+II crack tip loading. It
is remarkable that the direction of crack propagation was influenced
strongly by the direction of cold working despite the initial Mode |
loading of the notch. Therefore a Mixed-Mode situation at the crack
tip was present.

The analyses were formed as a Monte Carlo simulation in which the
crack growth properties were taken into account dependent on the
crack depth achieved. From the scatter field of the simulated crack
propagation curves the curve with a crack growth speed of 90% was
assumed as representative. This representative crack growth curve
was modified to derive a curve for the assessment of the developing
RCF cracks. The two variants of the assessment have to be under-
stood as alternatives. Because of the missing of practical experiences
these two variants have to be confirmed or modified by future practi-
cal experiences.

An assessment diagram for transverse cracks originating nearly from
the running surface is derived by means of the fracture mechanics.
This diagram shows that the rail temperature plays an essential role.

The fracture mechanical analyses show that the critical crack depth of
secondary failures in the neighbourhood of an initial failure lay in the
same size as developed RCF cracks. To guarantee the safety of the

railway service, none of the multiple RCF cracks should deviate in the
transverse direction.

In future analyses the residual stresses of used rails and the real crack
front geometry according the statistically analysed service failures
should be included.
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ABSTRACT

The performance of an infrared camera is mostly characterized by ei-
ther the noise equivalent temperature difference (NETD) with respect
to thermal resolution or by the instantaneous-field-of-view (IFOV) with
respect to spatial resolution. The NETD represents an uncertainty in
measuring a temperature and the IFOV is related to the finest detail,
that can still be discerned. It gives the angle, over which a detector
still senses radiation. Whereas for most practitioners, the relevance of
NETD and IFOV is at least vaguely known, the interrelation between
spatial and thermal resolution as characterized by the modulation
transfer function (MTF), the minimum resolvable temperature differ-
ence (MRTD) and the minimum detectable temperature difference
(MDTD) is just mysterious. The interrelation between these quantities
is demonstrated.

INTRODUCTION

The system performance evaluation of thermal imagers is well stand-
ardized and a lot of research has been done on characteristics and
testing of imaging systems, see e.g. [1-5]. In general it is however
difficult for most practitioners to relate the relevance of the system
performance parameters to their applications and the measurement
results.

The performance of a thermal imaging system is described by a vari-
ety of parameters such as thermal response, detector and electronic
noise, geometric resolution, accuracy, spectral range, image quality
etc. These parameters can be divided in two groups: objective and
subjective parameters. The temperature resolution given by noise
equivalent temperature difference (NETD) and the spatial resolution
given by instantaneous field of view (IFOV) are the most important
objective performance parameters. They both significantly affect the
image quality.

An evaluation of the quality and performance limits of thermal imag-
ers more oriented to practical applications requires a combination
of these parameters. Additionally the subjective factor (the ability to
detect, recognize and to identify temperature differences) within the
system thermal camera — human observer has to be taken into con-
sideration. The minimum resolvable temperature difference MRTD
and the minimum detectable temperature difference MDTD combine
the objective and subjective parameters and are more related to usual
applications.

For practical thermal imaging the following question must eventually
be answered:

At what minimum temperature difference an object with a given ge-
ometry of measurement will be detected?

For correct analysis the knowledge of the performance limits of the
thermal imaging system used to detect small hot spots is particularly
important.

The present work concentrates on this practical aspect and describes
simple possibilities for practitioners to find these limits for specific
thermal imaging applications. All experiments described here were
performed with a shortwave camera (AGEMA THV550). The results
were obtained using the ThermaCAM Researcher 2001 software.

TEMPERATURE RESOLUTION - NETD

The temperature resolution of a radiometric system is given by the
NETD. It quantifies the thermal sensitivity of the thermal imager. This
parameter gives the minimum temperature difference between a
blackbody object and a blackbody background at which the signal
to noise ratio of the imager equals to unity. The NETD is determined by
the system noise and the signal transfer function [6-8].

Experimentally the temperature dependent NETD can be determined
from the fluctuations of the measured temperature analyzing the ra-
diation from a heated and temperature stabilized blackbody.

Fig. 1la depicts a thermal image while the camera is directed to the
blackbody source. A temperature stabilized source was used with
typical circular structures due to the geometry. For each blackbody
temperature a spot temperature measurement is recorded using
thousand images (with 50 images per second, this takes approx. 20
seconds). Fig. 1b gives a magnified view of the marked area at differ-
ent times, demonstrating temperature fluctuations.
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Fig. 1a Blackbody image

Fig. 1b Measurements at different times — the noise results in fluctua-
tions of the temperature reading for each detector

Figure 1. NETD measurement — experimental setup (a); thermal fluc-
tuations (b)

Fig. 2a is a graph of the measured temperatures of a specific spot as
a function of time. It nicely illustrates the thermal noise of the imaging
system since the thermal changes of the source happens at a much
longer timescale.

The frequency distribution of the measured spot temperatures can be
approximated by a standardized normal distribution, as expected for
random noise processes, see Fig 2b.

Using the temperature data measured the rms (root-mean-square) val-
ue of this temperature fluctuations can be calculated and results in the
NETD. For the example shown in Fig. 2 the NETD equals 0.065 K.

The experimental NETD represents the half width of the standardized
normal distribution. This means that 67% of the temperatures meas-
ured are within the range T = (34.500 + 0.065) °C.

From this measurement we can conclude, that the deviation from
the correct temperature value in a single measurement can be much
higher than the NETD because the NETD represents the root mean
square deviation. 95% of the temperatures measured are within the
range T = (34.50 + 0.13) °C. This corresponds to the 2c-value.

Fig.2a Time dependence of spot temperatures (temperatures of the
spot marked in Fig.1) measured during 20 seconds with a frame rate
of 50 Hz

Fig. 2b Frequency distribution of measured spot temperatures around
the average object temperature 34.5°C

Figure 2. NETD measurement

Theoretically NETD is defined as the ratio of the signal noise and the
signal transfer function (differential ratio of signal changes dS to tem-
perature changes dT; dS/dT). The noise is given by the system (detec-
tor noise, amplifier noise ...) and independent on the object tempera-
ture measured. Due to the change of the signal transfer function with
the object temperature Tos the NETD is decreasing with increasing Toup
see Fig.3. This is caused by the temperature dependent thermal de-
rivative due to the spectral response of the imager. The measured ob-
ject signal is strongly increasing with increasing temperature (stronger
than a linear dependence). This also results for the NETD from the
definition, since dS/dT ~ T with x > 0, hence NETD ~ 1/T. Therefore
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the signal to noise ratio equal to unity is achieved at lower temperature
differences with increasing object temperature measured.

Figure 3. Temperature dependence of the NETD (rms - value of the
temperature fluctuations measured) as a function of object tempera-
ture and measurement range

Within a measurement range selected at the thermal camera (e.g.
—200C - 800C) the NETD is decreasing with increasing temperature
(Fig. 3). If the measurement range is changed to a higher tempera-
ture range as shown in Fig. 3 the NETD is strongly increased due to
the decreased sensitivity of the camera (signal decrease due to the
insertion of a filter but unchanged noise resulting in a smaller signal
to noise ratio or higher NETD). The lowest NETD values are always
obtained at the upper temperature limits of the measurement ranges.

In Fig. 4 the temperature measurement results using different measure-
ment ranges of the camera are shown. For the measurements a 800C
blackbody was used as the target and all other measurement condi-
tions are the same. Obviously the temperature measurement within in
the —200C - 800 C range exhibits the lowest noise (or NETD).

Figure 4. Temperature measurement at a 800C blackbody using differ-
ent measurement ranges of the thermal camera, the NETD was calcu-
lated from the rms of the observed temperature fluctuations

SPATIAL RESOLUTION - IFOV and Slit Response Function
The IFOV gives the angle over which one detector element of the fo-
cal plane array senses the object radiation [2]. Using the small angle

approximation, the minimum object size whose image fits on a single
detector element for a given distance can be calculated from:

object size = IFOV . distance

For example, a distance R = 5.5 m and an IFOV = 1.1 mrad give a
minimum object size of 6.05 mm. For example, a focal length of f = 50
mm and a detector size of 50 um gives a IFOV of 1 mrad.

It is important to have in mind that the IFOV is only a geometric value
calculated from the detector size and the focal length of the optics,
see Fig. 5a. The system resolution is additionally influenced by the
diffraction of the optics. This is described by the slit response function
(SRF) is defined as a normalized dependence of the system response
to a slit size object with a variable slit width. Experimental analysis of
the (SRF), providing the imaging resolution, have been carried out.
The test configuration is shown in Fig.5b. The angle © is the observ-
able slit angle at the given slit width seen from the detector.

Figure 5a. IFOV

Figure 5b. Test configuration to obtain the SRF and the temperature
output for different object sizes

The blackbody was heated up to a temperature of 95 oC at a distance
of 5.5 m from the thermal camera. The object size was changed by
a variable slit from 30 mm to 1 mm. The temperature was measured
along a line perpendicular to the slit width, see Figure 6. With decreas-
ing object size, i.e., slit width the peak output becomes smaller.
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Figure 6. Measured temperature of the object viewed through a slit
with variable width along a line for a measurement distance of 5.5 m
between the thermal camera with 200 lens (field of view) and the
blackbody with the variable slit

The SRF represents a function of the measured object signal differ-
ence at a defined slit width normalized to that measured with a very
wide slit (correct object signal difference of the slit size target). From
the peak output for each slit width the SRF can be calculated, see
Fig. 7. This function provides both the imaging and the measurement
resolution.

Figure 7. Measured peak output temperatures at different slit width
(top) and slit response function SRF (bottom) as a function of the an-
gular width of the object, seen from the camera (slit width 1, 2, 3, 4, 5,
6, 8, 10, 12.5, 15, 20, 25, 30 mm, respectively)

The imaging resolution is usually defined as that angular width of the
object seen from the camera that gives a 50% response in the SRF.
But the absolute minimum size of the object for an accurate tempera-
ture measurement is twice or threefold the IFOV (in our case at a slit
width of 12 mm or 18 mm at a measuring distance of 5.5 m using the
THV 550) to reach 95% or 99 % of the SRF, respectively.

From these results the minimum necessary object size for accurate
temperature measurements can easily be calculated using the for-
mula given above for the actual measurement distance, multiplying
the object size with a factor of two or three.

IMAGE QUALITY - MTF, MRTD AND MDTD

The MRTD measures the compound ability of an thermal imaging
system and an observer to recognize periodic bar targets within the
image shown on a display. It is the minimum temperature difference
between the test patterns and the blackbody background at which
the observer can detect the pattern. This capability is governed by
the thermal sensitivity (NETD) and the spatial resolution (IFOV) of the
imaging system but strongly depends on other influencing variables
as the used palette, the ability of the observer to distinguish between
different colors etc. ASTM standard MRTD and MDTD test methods
have been described in [9-10].

The MRTD is measured by determining the minimum temperature dif-
ference between the bars of a standard 4-bar target (see Fig. 8) and
the background required to resolve the thermal image of the bars by
the observer. Different bar dimensions are used to do the analysis with
different spatial resolutions. The regular 4-bar target is characterized
by a spatial frequency (cycles per length or cycles per milliradians).

geometry of test patterns

Figure 8. Test patterns (4-bar target and a black plate as the back-
ground)

The contrast in the thermal image measured for different spatial fre-
quencies of the bar targets is decreasing with increasing frequencies
or narrower line pairs due to the limited resolution of the camera (SRF
as a result of given IFOV and limited optics quality), see Fig. 9. The
black plate was heated in a climatic exposure test cabinet to 60°C and
was then placed as the hot background behind the 4-bar target struc-
tures. The function contrast measured at the 4-bar target structures
versus spatial frequency is called modulation transfer function (MTF).
For standard determination of MTF the measured object signals (raw
signals) are used. The software ThermaCAM Researcher is needed to
access to raw signals.
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The MTF shown in Fig. 8 was calculated from the ratio of the meas-
ured object signal differences (detected raw signals) and the true ob-
ject signal difference of the 4-bar target and the background.

Figure 9. Temperature contrast measured at different spatial frequen-
cies, MTF

For the MRTD measurements the same equipment was used. The
thermal images (50 frames per second) were stored during the cool-
ing of the hot background plate down to room temperature. For the
determination of target and background temperatures the average
temperature from the areas marked in Fig. 10 were used. Analyzing
the temperature difference between these two temperatures during
the cooling of the background from 60°C to room temperature a func-
tional fit for the time dependent temperature difference can be found.
With this fit we can assign a temperature difference to every image
during cooling period. Such procedure is necessary to determine
the correct values for the very low temperature differences where the
measured temperature differences are strongly influenced by temper-
ature fluctuations due to the system noise, see Fig.10.

Figure 10. MRTD measurement — determination of temperature differ-
ence between bar target and background

Fig. 11 depicts a series of images, observed during cooling period
while using the auto adjust scale and the iron palette. Images at dif-
ferent temperature differences between bar target and background
are shown. With decreasing temperature differences lower contrast
details cannot be seen. First the bar target corresponding to the larg-
est spatial frequency can not longer be observed.

AT =10K AT=1 KAT=0.8K AT =0.5K

AT =0.4K AT =0.3K AT=0.2K AT=01K

Figure 11. Images at different temperature differences between bar
target and background

Fig. 12 shows the images which correspond to the individual subjec-
tive MRTD of one of the authors for the targets with different spatial
frequencies. Using these results one can get the spatial frequency
(number of line pairs per mrad or cycles per mrad) dependent MRTD
for a 24°C temperature level. We note that the selection is much easier
when analyzing the time sequences compared to presenting still im-
ages.
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