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LOSSLESS COLOR IMAGE COMPRESSION ADAPTIVELY USING SPATIAL
PREDICTION OR INTER-COMPONENT PREDICTION

BACKGROUND

Digital images, especially when considered en masse, can utilize large amounts of data storage.
In order to reduce the amount of storage needed, image compression may be used. Under certain
conditions, it may be desirable to avoid losing any detail stored within an image when compresses.
Under such circumstances, a lossless image compression algorithm may be used.

Various lossless image compression algorithms are known. One particular lossless image
compression algorithm is the JPEG-LS algorithm. JPEG-LS uses prediction modeling in order to
compactly encode prediction errors. The prediction modeling used by JPEG-LS is a form of spatial
prediction which uses median edge detection. Another known image compression algorithm uses an
inter-component prediction technique instead of spatial prediction. This known inter-component

prediction technique takes advantage of decorrelation of similarities between color channels in an image.

SUMMARY

The above-described conventional techniques for performing lossless image compression are not
entirely optimal. For example, the JPEG-LS approach may be sub-optimal when an image includes a
high correlation between color channels. In addition, the inter-component prediction technique may be
sub-optimal when two or more color channels exhibit low correlation, such as in many non-photographic
graphical images.

Thus, it would be desirable to compress images in a lossless manner while taking advantages of
both spatial prediction and inter-component prediction in a way that enables optimal decorrelation and
minimal output size. Thus, an improved technique involves adaptively selecting between spatial
prediction and inter-component prediction techniques depending on which allows better results for any
given component of a digital image pixel.

One embodiment is directed to a method performed by a computing device. The method includes
(1) receiving an image file, the image file having a set of pixels arranged in a grid, each pixel of the set
of pixels having a plurality of color components, (2) for each pixel of a subset of the set of pixels, (A)
for a first color component of the plurality of color components, (i) predicting a value of the first color

component of that pixel using a first prediction technique to yield a first predicted color value, the first
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prediction technique including median edge detection and (ii) computing a difference between the first
predicted color value and the value of the first color component to yield a first error value for that pixel,
(B) for a second color component of the plurality of color components, the second color component
being distinct from the first color component, (i) predicting a value of the second color component of
that pixel using the first prediction technique to yield a second predicted color value, (ii) predicting the
value of the second color component of that pixel using a second prediction technique to yield a third
predicted color value, the second prediction technique lacking median edge detection, the second
prediction technique utilizing inter-component prediction with respect to the first color component, (iii)
selecting whichever of the second predicted color value and the third predicted color value is closer to
the value of the second color component to yield a selected predicted color value, and (iv) computing a
difference between the selected predicted color value and the value of the second color component to
yield a second error value for that pixel, and (C) encoding the first error value for that pixel and the
second error value for that pixel in a compressed color image output stream, and (3) writing the
compressed color image output stream to persistent storage as an output compressed image file. Other
embodiments are directed to a computerized apparatus and a computer program product for performing a

method similar to that described above.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages will be apparent from the following
description of particular embodiments of the present disclosure, as illustrated in the accompanying
drawings in which like reference characters refer to the same parts throughout the different views. The
drawings are not necessarily to scale, emphasis instead being placed upon illustrating the principles of
various embodiments of the present disclosure.

Fig. 1 depicts an example apparatus according to various embodiments.

Fig. 2 depicts an example input image file for use with various embodiments.

Fig. 3 depicts an example method according to various embodiments.

Fig. 4 depicts an example method according to various embodiments.

Fig. 5 depicts an example method according to various embodiments.

Fig. 6 depicts an example method according to various embodiments.

Fig. 7 depicts an example image file produced by various embodiments..
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DETAILED DESCRIPTION

Embodiments are directed to techniques for adaptively selecting between spatial prediction and
inter-component prediction techniques depending on which allows better results for any given
component of a digital image pixel.

Fig. 1 depicts an example data storage system computer 30, such as, for example, a NAS data
storage system, which provides access to one or more filesystems stored thereon, or a SAN data storage
system, which provides block-based access to one or more volumes stored thereon. In some
embodiments, DSS 30 provides both block-based access to logical volumes as well as file-based access
to filesystems.

Computer 30 may be any kind of computing device, such as, for example, a personal computer, a
workstation, a server, an enterprise server, a laptop computer, a mobile computer, a smart phone, a tablet
computer, etc.

Computer 30 includes a processor 32. Processor 32 may be any kind of processor or set of
processors configured to perform operations, such as, for example, a microprocessor, a multi-core
microprocessor, a digital signal processor, a collection of electronic circuits, or any combination of the
above.

Computer 30 also includes persistent storage 34, such as one or more hard disk drives and solid-
state storage devices (SSDs) connected either by an internal bus or via a network (e.g., a storage area
network). Persistent storage 34 may be arranged in a fault tolerant arrangement, such as in a redundant
array of independent disks (RAID), as is well-known in the art.

Computer 30 also includes memory 38. Memory 38 may be any kind of digital system memory,
such as, for example, RAM. Memory 38 stores programs executing on processor 32 as well as data used
by those programs. Memory 38 stores an operating system (OS) 40 and an improved compression
program 44, both of which run on processor 32. Memory 38 may include both a system memory portion
for storing programs and data in active use by the controller 32 as well as a persistent storage portion
(e.g., solid-state storage and/or disk-based storage) for storing programs and data even while the
computer 30 is powered off. However, in some embodiments, persistent storage portion may be included
within persistent storage 34. OS 40 and improved compression program 44 are typically stored both in
system memory and in persistent storage so that they may be loaded into system memory from persistent
storage upon a system restart. Improved compression program 44, when stored in non-transient form

either in system memory or in persistent storage, forms a computer program product. The processor 32
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running the improved compression program 44 thus forms a specialized circuit constructed and arranged
to carry out the various processes described herein. Memory 38 also stores an input color image file 42
and a compressed color image output stream 46.

Computer 30 also includes a host interface 36 for interfacing with a host computer, typically over
a network connection. In operation, computer 30 receives input color image file 42 via host interface 36
for storage on persistent storage 34. In order to save space on persistent storage 34, instead of storing the
input color image file 42 itself on persistent storage 34, improved compression program 44 first
compresses the input color image file 42 using improved compression techniques described herein to
yield compressed color image output stream 46, which is then stored on persistent storage 34 as output
compressed image file 47. In addition, improved compression program 44 is also able to decompress
output compressed image file 47 when read from persistent storage 34 to yield the original input color
image file 42, which is then able to be sent across the host interface 36 to an entity requesting that file.

In some embodiments, not depicted, instead of a host interface 36, computer 30 includes any
other known or anticipated kind of interface capable of receiving an input color image file 42 from any
source.

Fig. 2 depicts an example input color image file 42 stored within memory 38 in further detail.
Input color image file 42 includes a set of pixels 50 arranged in a grid, the grid having m pixels per row
52 horizontally-and n pixels per column 54 vertically. Each pixel 50 includes three color components 56,
typically first component 56(1) green, second component 56(2) red, and third component 56(3) blue. It
should be understood that the color assignments of these various color components may vary. It should
also be understood that the number of color components 56 is also an example. In some embodiments,
only 2 color components 56 may be used, while in other embodiments, more than 3 color components 56
may be used.

In processing input color image file 42, the improved compression program 44 iterates through
various pixels 50, performing a method, such as method 100 depicted in Fig. 3. In some embodiments,
the pixels 50 in the first row 52(1) and the first column 54(1) are not subject to compression, and they
pass unchanged into compressed color image output stream 46. In other embodiments, the pixels 50 in
the first row 52(1) and the first column 54(1) are subject to compression, but they are compressed using
other well-known techniques not described herein. In some embodiments, the pixels 50 in the second

row 52(2) and the second column 54(2) may also be treated differently. Thus, typically only a subset of



10

15

20

25

30

WO 2014/140674 PCT/1IB2013/001091

the pixels 50 of the input color image file 42 (e.g., all pixels 50 except the pixels of the first row 52(1)
and the first column 54(1)) are operated on according to method 100.

As improved compression program 44 iterates through various pixels 50 of the subset while
performing method 100, the pixel that improved compression program 44 is iterating on at any given
stage is referred to as pixel C. The pixel 50 immediately above pixel C is referred to as pixel N, the pixel
50 immediately to the left of pixel C is referred to as pixel W, and the pixel 50 immediately to the right
of pixel C is referred to as pixel E. The pixel 50 immediately diagonally above and to the left of pixel C
is referred to as pixel NW and the pixel 50 immediately diagonally above and to the right of pixel C is
referred to as pixel NE. The pixel 50 two pixels left of pixel C is referred to as pixel WW and the pixel
two pixels above pixel C is referred to as pixel NN. The pixel immediately to the left of pixel NN
(which is also the pixel immediately above pixel NW) is referred to as pixel NNW and the pixel
immediately to the right of pixel NN (which is also the pixel immediately above pixel NE) is referred to
as pixel NNE. The pixel immediately to the left of pixel NW (which is also the pixel immediately above
pixel WW) is referred to as pixel NWW.

Fig. 3 illustrates, as method 100, the operation of improved compression program 44 on
computer 30 while compressing input color image file 42 according to various embodiments. It should
be understood that any time a piece of software, such as, for example, improved compression program
44, is described as performing a method, process, step, or function, in actuality what is meant is that a
computing device (e.g., computer 30) on which that piece of software is running performs the method,
process, step, or function when executing that piece of software on its processor (e.g., processor 32). It
should also be understood that, in some embodiments, instead of processor 32 executing code of
improved compression program 44, specialized circuitry of the computer 30 operates to perform the
method, process, step, or function directly in hardware.

In step 110, computer 30 receives input color image file 42 (e.g., via host interface 36) for
compression and storage as output compressed image file 47 on persistent storage 34.

In step 120, improved compression program 44 compresses the input color image file 42 by
iteratively employing an adaptive prediction scheme to all pixels 50 within a subset of the pixels of the
input color image file 42 (e.g., all pixels 50 except the pixels in the first row 52(1) and the first column
54(1)), thereby yielding a set of prediction errors for all processed pixels 50, which is encoded within the
compressed color image output stream 46.

Step 120 may be performed in various sub-steps 130-160 according to various embodiments.

5
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In sub-step 130, improved compression program 44 predicts a first component 56(1) of pixel C
using a first prediction technique. The first prediction technique is a spatial prediction technique which
primarily uses values within the same color component 56(1) of nearby pixels above and to the left of
pixel C to predict the value of the first color component 56(1) of pixel C. Details of the spatial
prediction technique are described in further detail below in connection with Fig. 4. Upon predicting the
value of'the first color component 56(1) of pixel C, referred to as predicted value PV, an error ERRg; is
also calculated for that color component 56(1) of pixel C by subtracting the predicted value PV, from
the actual value Cg of the first color component 56(1) of pixel C from the input color image file 42. This
error ERRg; is stored

In sub-step 140, improved compression program 44 adaptively predicts a second component
56(2) of pixel C using both a spatial prediction technique and an inter-component prediction (ICP)
technique which uses values from multiple color components 56 of C and nearby pixels above and to the
left of pixel C to predict the value of the second color component 56(2) of pixel C. Improved
compression program 44 does this adaptively by selecting which prediction technique yields a better
result for the second component 56(2) of pixel C.

Sub-step 140 may be performed in various sub-sub-steps 142-146.

In sub-sub-step 142, improved compression program 44 predicts the second component 56(2) of
pixel C using the spatial prediction technique. The first prediction technique is a spatial prediction
technique which primarily uses values within the same color component 56(2) of nearby pixels above
and to the left of pixel C to predict the value of the second color component 56(2) of pixel C. Details of
the spatial prediction technique are described in further detail below in connection with Fig. 4. Upon
predicting the value of the second color component 56(2) of pixel C using spatial prediction, referred to
as PV_Spat.q, an error ERR_Spat,eq is also calculated for that color component 56(2) of pixel C by
subtracting the predicted value PV_Spat,.q from the actual value C, of the second color component 56(2)
of pixel C from the input color image file 42.

In sub-sub-step 144, improved compression program 44 predicts the second component 56(2) of
pixel C using a second prediction technique different from the first prediction technique. The second
prediction technique is an ICP technique which uses values from multiple color components 56 of C and
nearby pixels above and to the left of pixel C to predict the value of the second color component 56(2)
of pixel C. In particular, improved compression program 44 calculates gradient values as follows

(assuming that the first color component 56(1) is green and the second color component 56(2) is red):
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dv = (Wrea-NWreq) — (Wer-NWy,)

dh = (Nreg-NWre) = (Wg-NWy)

dd = Cg-NWy,

where W4 represents the red component 56(2) of pixel W and the other symbols have
corresponding meanings. If dh and dv are both positive or negative, then the predicted value PV_ICP4
=NW,,+dd + whichever of dh and dv has a larger absolute value. Otherwise, PV_ICP,;q=NW+dd +
dh + dv. Upon predicting the value of the second color component 56(2) of pixel C using ICP, referred
to as PV_ICP,q, an error ERR_ICP,4 is also calculated for that color component 56(2) of pixel C by
subtracting the predicted value PV_I[CP,¢4 from the actual value C,of the second color component 56(2)
of pixel C from the input color image file 42.

In sub-sub-step 146, improved compression program 44 selects whichever of the predicted
values PV_Spat,g and PV_ICP,.¢ has a lower associated error, ERR_Spat;eq or ERR_ICPrq4. That
selected value becomes the predicted value PV, for the second color component 56(2) and the
associated error becomes the error ERR,q for the second color component 56(2). This error ERR ¢4 is
stored.

In embodiments in which a third component 56(3) is used, sub-step 150 is also performed. In
sub-step 150, improved compression program 44 adaptively predicts a third component 56(3) of pixel C
using both a spatial prediction technique and an ICP technique which uses values from multiple color
components 56 of C and nearby pixels above and to the left of pixel C to predict the value of the third
color component 56(3) of pixel C. Improved compression program 44 does this adaptively by selecting
which prediction technique yields a better result for the third component 56(3) of pixel C.

Sub-step 150 may be performed in various sub-sub-steps 152-156.

In sub-sub-step 152, improved compression program 44 predicts the third component 56(3) of
pixel C using the spatial prediction technique. The first prediction technique is a spatial prediction
technique which primarily uses values within the same color component 56(3) of nearby pixels above
and to the left of pixel C to predict the value of the third color component 56(3) of pixel C. Details of the
spatial prediction technique are described in further detail below in connection with Fig. 4. Upon
predicting the value of the third color component 56(3) of pixel C using spatial prediction, referred to as
PV _Spaty, an error ERR_Spaty, is also calculated for that color component 56(3) of pixel C by
subtracting the predicted value PV_Spaty, from the actual value Cy, of the third color component 56(3) of

pixel C from the input color image file 42.
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In sub-sub-step 154, improved compression program 44 predicts the third component 56(3) of
pixel C using the ICP prediction technique. In particular, improved compression program 44 performs
sub-sub-step 154 by applying ICP to the third color component 56(3) over both the first color component
56(1) and the second color component 56(2) and combining the results, yielding prediction PV_ICPy,
and error ERR_ICPy,. Further detail of sub-sub-step 154 is depicted below in connection with the
description of Fig. 5.

In sub-sub-step 156, improved compression program 44 selects whichever of the predicted
values PV_Spaty and PV_ICPy; has a lower associated error, ERR _Spaty or ERR_ICPy,. That selected
value becomes the predicted value PVy, for the third color component 56(3) and the associated error
becomes the error ERRy, for the third color component 56(3). This error ERRy, is stored.

In embodiments in which more than three components 56 are used, sub-step 150 may be
performed multiple times — once for each component beyond the second component 56(2). In each such
performance of sub-step 150, sub-sub-step 154 may be modified to predict the component 56(X) in
question using ICP over all previous components 56(1)-56(X-1).

In sub-step 160, improved compression program 44 encodes the error values for each color
component — ERRgr, ERR(eq, and ERRy; — in compressed color image output stream 46 in memory 38.
Further detail of sub-step 160 is depicted below in connection with the description of Fig. 6.

In step 170, improved compression program 44 writes the output compressed color image output
stream 46 into persistent storage 34 as output compressed image file 47.

Having stored the output compressed image file 47 in persistent storage 34, improved
compression program 44 is also capable of performing method 100 in reverse to yield the original input
color image file 42 and send it to the host interface 36. Any person having ordinary skill in the art should
understand how to reverse method 100 in this manner.

Having described the operation of method 100, details of some of the sub-steps and sub-sub-
steps will now be described as methods in further detail with respect to Figs. 4-6.

Fig. 4 depicts an example method 200 for performing spatial prediction for a given color
component 56(X) (having color x) as in sub-sub-steps 142 and 152 from Fig. 3 in further detail. Method
200 involves first computing three preliminary values PV_MEDj (step 210), PV_left, (step 220), and
PV _topy (step 230) before performing various other steps which utilize those preliminary values.

In step 210, improved compression program 44 performs a median edge detection (MED)

technique as is well-known in the art. Thus, if NW, > Max(Ny, W), then sub-step 212 is performed, so
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PV_MEDy = Min(Ny,Wy). Otherwise, if NWy < Min(Nx, Wy), then sub-step 214 is performed, so
PV_MEDy = Max(N,, Wy). Otherwise, sub-step 216 is performed, so PV_MED, = N+ W, - NW,.

In step 220, improved compression program 44 performs a technique similar to ICP but
involving only one component 56(X), however the second components are created by shifting one pixel
to the left. Thus, the improved compression program 44 computes the following gradients in sub-step
222:

dv = (W4-NW,) - (WW,-NWW,)

dh = (Nx-NW,) — (NW,-NWW,)

dd = W,-NWW,

where W, represents the x component 56(X) of pixel W and the other symbols have
corresponding meanings. If dh and dv are both positive or negative, then, in sub-step 224, the
preliminary left value PV_lefty = NWy + dd + whichever of dh and dv has a larger absolute value.
Otherwise, in sub-step 226, PV_ left, = NW,+ dd + dh + dv.

In step 230, improved compression program 44 performs a technique similar to ICP but
involving only one component 56(X), however the second components are created by shifting up by one
pixel. Thus, the improved compression program 44 computes the following gradients in sub-step 232:

dv =(W.-NW,) - (NW,-NNW,)

dh = (N,-NW,) — (NN,-NNW,)

dd = Nx-NNWy

where Wy represents the x component 56(X) of pixel W and the other symbols have
corresponding meanings. If dh and dv are both positive or negative, then, in sub-step 234, the
preliminary top value PV_top, = NW, + dd + whichever of dh and dv has a larger absolute value.
Otherwise, in sub-step 236, PV_topx = NWy+ dd + dh + dv.

In step 240, improved compression program 44 sets a final preliminary prediction PV_prely for
the x component 56(X) of pixel C by selecting between PV_MEDy, PV_left,, and PV_topy. If
PV_MEDy is between PV_left, and PV _topy, then, in sub-step 242, improved compression program 44
selects PV_MEDj as the value of PV_prely. Otherwise, in sub-step 244, improved compression program
44 selects whichever of PV _left, and PV_topy is closer to PV_MEDy in value as the value of PV_prel.

In step 250, improved compression program 44 estimates an error E MEDy associated with
PV_MEDy and an error E_prelim, associated with PV_prelim, using nearby pixels’ x component

estimated errors weighted by their respective Euclidian distances. Thus,
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E MED, =~ E MED, w* + E_MEDs* + (0.71XE_MED; nw)’ + (0.5XxE_MED, ww)* +
(0.5xE_MED, n)* + (0.45xE_MED, nww)’ + (0.45xE_MED, nnw)*

where E_MED, w represents the corresponding estimated error value E_MED, previously
computed for the same color component x 56(X) in pixel W and the other symbols have similar
corresponding meanings.

Similarly,

E prelimy = E_prelimx_w2 + E_prelim,(_N2 + (0.7le_prelimx_N\;v)2 + (0.5xE_prelimx_ww)2 +
(0.5xE _prelimx)m)2 + (0.45xE _prelim,(_NW\;v)2 + (0.45xE _prelim,(_w\;\/)2

where E_prelim,_w represents the corresponding estimated error value E_prelimy previously
computed for the same color component x 56(X) in pixel W and the other symbols have similar
corresponding meanings.

In step 260, improved compression program 44 tests whether E_prelim, <E_MED,. If it is, then,
in step 270, the spatial prediction result PV_Spat, is set to PV_prelimy. Otherwise, in step 280, the
spatial prediction result PV_Spat, is set to a weighted average (PV_prelim, x E_ MEDy) + (PV_MEDy x
E prelimy)) / (E_ MEDy + E_prelimy).

Fig. 5 depicts method 154 for performing ICP for the third color component 56(3) (having color
blue) as in sub-sub-step 154 from Fig. 3 in further detail. Method 154 involves making two ICP
predictions of the third color component 56(3) of pixel C — one based on the first color component 56(1)
of pixel C (steps 310-318) and the other based on the second color component 56(2) of pixel C (steps
320-328).

In step 310, improved compression program 44 performs ICP over the first color component
56(1) of pixel C to yield PV_green. This step may be accomplished via several sub-steps 312-316. In
sub-step 312, improved compression program 44 calculates gradient values as follows:

dv = (Wy-NWy) — (We-NWy)

dh = (Npi-NWy1) = (Ng=N W)

dd = Cg-NWy,

If dh and dv are both positive or negative, then, in sub-step 314 the predicted value is set to
PV_green = NW, + dd + whichever of dh and dv has a larger absolute value. Otherwise, in sub-step
316 the predicted value is set to PV_green = NW+ dd + dh + dv.

Upon calculating PV_green, improved compression program 44 also performs step 318, in which

it estimates the error E_green of PV_green using nearby pixels’ green component 56(1) errors weighted

10



10

15

20

25

30

WO 2014/140674 PCT/1IB2013/001091

by their respective Euclidian distances from C. Thus E_green = ERRg,_W2 + ERRg,_N2 +
(0.71XERRg nw)” + (0.5XERRg_ww)” + (0.5XERRg nn)* + (0.45XERR g nww)” + (0.45XERR g nvw)’.

In step 320, improved compression program 44 performs ICP over the second color component
56(2) of pixel C to yield PV_red. This step may be accomplished via several sub-steps 322-326. In sub-
step 322, improved compression program 44 calculates gradient values as follows:

dv =(Wp-NWp)) — (Weea-NWeeq)

dh = (Np-NWp;) — (Nrea-NWreq)

dd = Creg-NWreq

If dh and dv are both positive or negative, then, in sub-step 324 the predicted value is set to
PV _red=NW, +dd + whichever of dh and dv has a larger absolute value. Otherwise, in sub-step 326
the predicted value is set to PV_red = NW 4+ dd + dh + dv.

Upon calculating PV_red, improved compression program 44 also performs step 328, in which it
estimates the error E_red of PV_red using nearby pixels’ red component 56(2) errors weighted by their
respective Euclidian distances from C. Thus E_red = ERchd_w2 + ERchd_N2 + (O.7leRRr,¢d_mv)2 +
(0.5XERReq ww)* + (0.5XERReq nN)* + (0.45XERReq nww)” + (0.45XERReq_nnw)™.

Upon completing steps 318 and 328, improved compression program 44 combines PV_green and
PV red in a weighted sum to yield the actual ICP prediction PV_ICPy, for the blue component 56(3).
This is done according to the formula:

PV _ICPy =((PV_red x E_green) + (PV_green x E_red)) / (E_red + E_green).

Upon predicting the value of the third color component 56(3) of pixel C using ICP, referred to as
PV_ICPy, an error ERR_ICPy is also calculated for that color component 56(3) of pixel C by
subtracting the predicted value PV_ICPy, from the actual value Cy, of the third color component 56(3) of
pixel C from the input color image file 42.

Fig. 6 depicts method 160 for encoding the errors for each component 56 of pixel C into
compressed color image output stream 46 as in sub-sub-step 160 from Fig. 3 in further detail. Method
160 may be performed in various ways.

In some embodiments, method 160 begins by applying 2-dimensional run coding to the error
values of each component 56 (optional step 410). Thus, if large blocks of errors ERR, for a particular
component 56(Y) for several adjacent pixels 50 are all zero (indicating that the prediction was accurate
for all those pixels 50), then the error for all such pixels 50 need only be encoded once. In some

embodiments, the 2-dimensional run coding and is adaptive using zero-blocks, as depicted in Fig. 7. Fig.
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7 depicts output compressed image file 47 in one component 56(Y). As depicted in Fig. 7, output
compressed image file 47 includes a zero-block map 58 and an error list 59. Zero-block map 58 includes
several full-size zero-blocks 60 (encoded with the value 1), indicating that all pixels within the full-size
zero-blocks 60 have zero error for component 56(Y). As depicted, full-size zero-blocks 60 are 4 pixels
wide by 4 pixels high. However, for regions of the output compressed image file 47 which do not
contain all pixels 50 with zero error, progressively smaller zero-blocks may be used. Thus, 2 pixel by 2
pixel regions with zero error can be encoded by half-size zero-blocks 62, while single pixel regions with
zero error can be encoded by quarter-size zero-blocks (or zero pixels) 64. It should be understood that
the full-size zero blocks 60 being 4 pixels by 4 pixels is by way of example only; any power of two may
be configured to serve as the squared size of the full-size zero blocks 60. Single pixel regions 66 that do
not have zero error are encoded with the value 0. Multi-pixel regions with non-zero errors may also be
encoded with blocks of value 0, such as 2x2 block 63. For non-zero error pixels 66 as well as for pixels
within non-zero error blocks (e.g., block 63), the error for those pixels is also encoded as error entries 69
(depicted as error entries 69(a), 69(b), 69(c), . . ., 69(p)) within error list 59. Due to the presence of
zero-block map 58, error list 59 need not include errors from pixels with zero error. The adaptive
encoding process may be implemented recursively.

After applying the 2-dimensional run coding to the error values of each component 56, both the
zero-block map 58 (step 420) and the error list 59 (step 430), may be further encoded using context
modeling according to well-known techniques. In particular, the context modeling applied in step 430
may involve bit category and magnitude pairs according to well-known techniques. In the event that step
410 is omitted, step 430 simply applies to the error values of each component 56.

Finally, in step 440, all the data output by steps 420 and 430 is encoded using either Arithmetic
coding or variable length coding (e.g., Huffman coding or Golumb coding).

Thus, techniques have been described for adaptively selecting between spatial prediction and
inter-component prediction techniques depending on which allows better results for any given
component of a digital image pixel.

While various embodiments of the present disclosure have been particularly shown and
described, it will be understood by those skilled in the art that various changes in form and details may
be made therein without departing from the spirit and scope of the present disclosure as defined by the

appended claims.
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For example, while various pixel value operations have been described as being simple sums, in
some embodiments, a clipping operation may be performed according to well-known principles to
ensure that the channel bandwidth (e.g., 8 bits) of any given color channel is not exceeded.

In addition, although various embodiments have been described as being methods, software
embodying these methods is also included. Thus, one embodiment includes a tangible non-transient
computer-readable medium (such as, for example, a hard disk, a floppy disk, an optical disk, computer
memory, flash memory, etc.) programmed with instructions, which, when performed by a computer or a
set of computers, cause one or more of the methods described in various embodiments to be performed.
Another embodiment includes a computer which is programmed to perform one or more of the methods
described in various embodiments.

Furthermore, it should be understood that all embodiments which have been described may be
combined in all possible combinations with each other, except to the extent that such combinations have
been explicitly excluded.

Finally, even if a technique, method, apparatus, or other concept is specifically labeled as
“conventional,” Applicants make no admission that such technique, method, apparatus, or other concept
is actually prior art under 35 U.S.C. § 102, such determination being a legal determination that depends

upon many factors, not all of which are known to Applicants at this time.
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CLAIMS

What is claimed is:

A method performed by a computing device, the method comprising:

receiving an image file, the image file having a set of pixels arranged in a grid, each pixel
of the set of pixels having a plurality of color components;

for each pixel of a subset of the set of pixels:

for a first color component of the plurality of color components:

predicting a value of the first color component of that pixel using a first prediction
technique to yield a first predicted color value, the first prediction technique including median
edge detection; and

computing a difference between the first predicted color value and the value of the first
color component to yield a first error value for that pixel;

for a second color component of the plurality of color components, the second color
component being distinct from the first color component:

predicting a value of the second color component of that pixel using the first prediction
technique to yield a second predicted color value;

predicting the value of the second color component of that pixel using a second
prediction technique to yield a third predicted color value, the second prediction technique
lacking median edge detection, the second prediction technique utilizing inter-component
prediction with respect to the first color component;

selecting whichever of the second predicted color value and the third predicted color
value is closer to the value of the second color component to yield a selected predicted color
value; and

computing a difference between the selected predicted color value and the value of the
second color component to yield a second error value for that pixel; and

encoding the first error value for that pixel and the second error value for that pixel in a
compressed color image output stream; and

writing the compressed color image output stream to persistent storage as an output

compressed image file.
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2. The method of claim 1 wherein the method further comprises, for each pixel of the subset of the

set of pixels:

for a third color component of the plurality of color components, the third color
component being distinct from the first color component and the second color component:

predicting a value of the third color component of that pixel using the first prediction
technique to yield a fourth predicted color value;

predicting the value of the third color component of that pixel using the second
prediction technique to yield a fifth predicted color value, the second prediction technique
utilizing inter-component prediction with respect to the first color component;

predicting the value of the third color component of that pixel using the second
prediction technique to yield a sixth predicted color value, the second prediction technique
utilizing inter-component prediction with respect to the second color component;

estimating an error for the fifth predicted color value based on a sum of first color
component error values for a set of pixels adjacent to that pixel, the sum being weighted
according to a Euclidian distance of each adjacent pixel from that pixel;

estimating an error for the sixth predicted color value based on a sum of second color
component error values for the set of pixels adjacent to that pixel, the sum being weighted
according to the Euclidian distance of each adjacent pixel from that pixel;

computing a weighted average of the fifth predicted color value and the sixth predicted
color value, the fifth predicted color value being weighted by the estimated error for the sixth
predicted color value and the sixth predicted color value being weighted by the estimated error
for the fifth predicted color value, to yield an average color value;

selecting whichever of the fourth predicted color value and the average color value is
closer to the value of the third color component to yield another selected predicted color value;
and

computing a difference between the other selected predicted color value and the value of
the third color component to yield a third error value for that pixel; and

encoding the third error value for that pixel in the compressed color image output stream.
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. The method of claim 2 wherein predicting the value of the third color component of that pixel

using the second prediction technique to yield the fifth predicted color value includes:

computing a first difference between a third color component of a pixel immediately to
the left of that pixel and a third color component of a pixel immediately diagonally above and to
the left of that pixel;

computing a second difference between a first color component of the pixel immediately
to the left of that pixel and a first color component of the pixel immediately diagonally above
and to the left of that pixel; ‘

computing a third difference between the first difference and the second difference;

computing a fourth difference between a third color component of a pixel immediately
above that pixel and the third color component of the pixel immediately diagonally above and to
the left of that pixel;

computing a fifth difference between a first color component of the pixel immediately
above that pixel and the first color component of the pixel immediately diagonally above and to
the left of that pixel;

computing a sixth difference between the fourth difference and the fifth difference;

computing a seventh difference between the first color component of that pixel and the
first color component of the pixel immediately diagonally above and to the left of that pixel;

if the third difference and the sixth difference are both greater than zero or both less than
zero, then setting the fifth predicted color value to be a sum of:

the third color component of the pixel immediately diagonally above and to the left of
that pixel;

the seventh difference; and

an absolute value of whichever of the third difference and the sixth difference has a larger
absolute value; and

otherwise, setting the third predicted color value to be a sum of:

the third color component of the pixel immediately diagonally above and to the left of
that pixel;

the seventh difference; and

the third difference; and

the sixth difference.
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. The method of claim 3 wherein predicting the value of the third color component of that pixel

using the second prediction technique to yield the sixth predicted color value includes:

computing an eighth difference between a second color component of the pixel
immediately to the left of that pixel and a second color component of the pixel immediately
diagonally above and to the left of that pixel;

computing a ninth difference between the first difference and the eighth difference;

computing a tenth difference between a second color component of the pixel immediately
above that pixel and the second color component of the pixel immediately diagonally above and
to the left of that pixel;

computing an eleventh difference between the fourth difference and the tenth difference;

computing a twelfth difference between the second color component of that pixel and the
second color component of the pixel immediately diagonally above and to the left of that pixel;

if the ninth difference and the eleventh difference are both greater than zero or both less
than zero, then setting the sixth predicted color value to be a sum of:

the third color component of the pixel immediately diagonally above and to the left of
that pixel;

the twelfth difference; and

an absolute value of whichever of the ninth difference and the eleventh difference has a
larger absolute value; and

otherwise, setting the sixth predicted color value to be a sum of:

the third color component of the pixel immediately diagonally above and to the left of
that pixel;

the twelfth difference; and

the ninth difference; and

the eleventh difference.

. The method of claim 2 wherein:

the first color component is a green component;
the second color component is a red component; and

the third color component is a blue component.
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. The method of claim 1 wherein predicting the value of the second color component of that pixel

using the second prediction technique to yield the third predicted color value includes:

computing a first difference between a second color component of a pixel immediately to
the left of that pixel and a second color component of a pixel immediately diagonally above and
to the left of that pixel,

computing a second difference between a first color component of the pixel immediately
to the left of that pixel and a first color component of the pixel immediately diagonally above
and to the left of that pixel;

computing a third difference between the first difference and the second difference;

computing a fourth difference between a second color component of a pixel immediately
above that pixel and the second color component of the pixel immediately diagonally above and
to the left of that pixel;

computing a fifth difference between a first color component of the pixel immediately
above that pixel and the first color component of the pixel immediately diagonally above and to
the left of that pixel;

computing a sixth difference between the fourth difference and the fifth difference;

computing a seventh difference between the first color component of that pixel and the
first color component of the pixel immediately diagonally above and to the left of that pixel;

if the third difference and the sixth difference are both greater than zero or both less than
zero, then setting the third predicted color value to be a sum of:

the second color component of the pixel immediately diagonally above and to the left of
that pixel;

the seventh difference; and

an absolute value of whichever of the third difference and the sixth difference has a larger
absolute value; and

otherwise, setting the third predicted color value to be a sum of:

the second color component of the pixel immediately diagonally above and to the left of
that pixel;

the seventh difference; and

the third difference; and
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the sixth difference.

7. The method of claim 1 wherein predicting the value of the first color component of that pixel

using the first prediction technique to yield the first predicted color value includes:

(a) setting a spatial preliminary predicted value by:

if a maximum of a first color component of a pixel immediately to the left of that pixel
and a first color component of a pixel immediately above that pixel does not exceed a first color
component of a pixel immediately diagonally above and to the left of that pixel, then setting the
spatial preliminary predicted value to a minimum of the first _color component of the pixel
immediately to the left of that pixel and the first color component of the pixel immediately above
that pixel;

otherwise, if the first color component of the pixel immediately diagonally above and to
the left of that pixel does not exceed the minimum of the first color component of the pixel
immediately to the left of that pixel and the first color component of the pixel immediately above
that pixel, then setting the spatial preliminary predicted value to a maximum of the first color
component of the pixel immediately to the left of that pixel and the first color component of the
pixel immediately above that pixel; and

otherwise, setting the spatial preliminary predicted value to the first color component of
the pixel immediately to the left of that pixel plus the first color component of the pixel
immediately above that pixel minus the first color component of the pixel immediately
diagonally above and to the left of that pixel;

(b) setting a left preliminary predicted value by:

computing a first difference between a first color component of a pixel immediately to
the left of that pixel and a first color component of a pixel immediately diagonally above and to
the left of that pixel;

computing a second difference between a first color component of a pixel two pixels to
the left of that pixel and a first color component of a pixel immediately to the left of the pixel
immediately diagonally above and to the left of that pixel;

computing a third difference between the first difference and the second difference;
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computing a fourth difference between a first color component of a pixel immediately
above that pixel and the first color component of the pixel immediately diagonally above and to
the left of that pixel;

computing a fifth difference between the first color component of the pixel immediately
diagonally above and to the left of that pixel and the first color component of the pixel
immediately to the left of the pixel immediately diagonally above and to the left of that pixel;

computing a sixth difference between the fourth difference and the fifth difference;

computing a seventh difference between the first color component of the pixel
immediately to the left of that pixel and the first color component of the pixel immediately to the
left of the pixel immediately diagonally above and to the left of that pixel;

if the third difference and the sixth difference are both greater than zero or both less than
zero, then setting the left preliminary predicted color value to be a sum of:

the first color component of the pixel immediately diagonally above and to the left of that
pixel;

the seventh difference; and

an absolute value of whichever of the third difference and the sixth difference has a larger
absolute value; and

otherwise, setting the left preliminary predicted color value to be a sum of:

the first color component of the pixel immediately diagonally above and to the left of that
pixel;

the seventh difference; and

the third difference; and

the sixth difference;

(c) setting a top preliminary predicted value by:

computing an eighth difference between the first color component of the pixel
immediately diagonally above and to the left of that pixel and a first color component of a pixel
immediately above the pixel immediately diagonally above and to the left of that pixel;

computing a ninth difference between the first difference and the eighth difference;

computing a tenth difference between a first color component of a first color component
of a pixel two pixels above that pixel and the first color component of the pixel immediately

above the pixel immediately diagonally above and to the left of that pixel;
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computing an eleventh difference between the fourth difference and the tenth difference;

computing a twelfth difference between the first color component of the pixel
immediately above that pixel and the first color component of the pixel immediately above the
pixel immediately diagonally above and to the left of that pixel,

if the ninth difference and the eleventh difference are both greater than zero or both less
than zero, then setting the top preliminary predicted color value to be a sum of:

the first color component of the pixel immediately diagonally above and to the left of that
pixel;

the twelfth difference; and

an absolute value of whichever of the ninth difference and the eleventh difference has a
larger absolute value; and

otherwise, setting the top preliminary predicted color value to be a sum of:

the first color component of the pixel immediately diagonally above and to the left of that
pixel;

the twelfth difference; and

the ninth difference; and

the eleventh difference;

(d) setting a final preliminary predicted value by:

if the spatial preliminary predicted value is between the left preliminary predicted value
and the top preliminary predicted value, then setting the final preliminary predicted value to be
the spatial preliminary predicted value; and

otherwise, setting the final preliminary predicted value to whichever of the left
preliminary predicted value and the top preliminary predicted value is closer in value to the
spatial preliminary predicted value; and

(e) setting the first predicted color value by:

estimating an error for the spatial preliminary predicted value based on a sum of spatial
preliminary predicted value error values for a set of pixels adjacent to that pixel, the sum being
weighted according to a Euclidian distance of each adjacent pixel from that pixel;

estimating an error for the final preliminary predicted value based on a sum of final
preliminary predicted value error values for the set of pixels adjacent to that pixel, the sum being

weighted according to the Euclidian distance of each adjacent pixel from that pixel; and
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10.

1.

12.

13.

computing a weighted average of the spatial preliminary predicted value and the final
preliminary predicted value, the spatial preliminary predicted value being weighted by the
estimated error for the final preliminary predicted value and the final preliminary predicted value
being weighted by the estimated error for the spatial preliminary predicted value, to yield the first

predicted color value.

The method of claim 1 wherein encoding includes employing arithmetic coding.

The method of claim 1 wherein encoding includes employing variable length coding.

The method of claim 1 wherein encoding includes employing 2-dimensional run coding.

The method of claim 10 wherein employing 2-dimentional run coding includes encoding

adaptively-sized square blocks of pixels which all have zero first error values as single entries.

The method of claim 1 wherein encoding includes employing context modeling.

A data storage apparatus comprising:

a host interface;

memory;

persistent storage; and

a processor, the processor being configured to perform the operations of:

receiving an image file into memory from the host interface, the image file having a set
of pixels arranged in a grid, each pixel of the set of pixels having a plurality of color
components;

for each pixel of a subset of the set of pixels:

for a first color component of the plurality of color components:

predicting a value of the first color component of that pixel using a first prediction
technique to yield a first predicted color value, the first prediction technique including median

edge detection; and
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14.

computing a difference between the first predicted color value and the value of the first
color component to yield a first error value for that pixel;

for a second color component of the plurality of color components, the second color
component being distinct from the first color component:

predicting a value of the second color component of that pixel using the first prediction
technique to yield a second predicted color value;

predicting the value of the second color component of that pixel using a second
prediction technique to yield a third predicted color value, the second prediction technique
lacking median edge detection, the second prediction technique utilizing inter-component
prediction with respect to the first color component;

selecting whichever of the second predicted color value and the third predicted color
value is closer to the value of the second color component to yield a selected predicted color
value; and

computing a difference between the selected predicted color value and the value of the
second color component to yield a second error value for that pixel; and

encoding the first error value for that pixel and the second error value for that pixel in a
compressed color image output stream; and

writing the compressed color image output stream to the persistent storage as output

compressed image file.

A computer program product comprising a non-transitory computer-readable storage medium
storing a set of instruction, which, when executed by a computer, cause the computer to perform
the following operations:

receiving an image file, the image file having a set of pixels arranged in a grid, each pixel
of the set of pixels having a plurality of color components;

for each pixel of a subset of the set of pixels:

for a first color component of the plurality of color components:

predicting a value of the first color component of that pixel using a first prediction
technique to yield a first predicted color value, the first prediction technique including median

edge detection; and
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computing a difference between the first predicted color value and the value of the first
color component to yield a first error value for that pixel;
for a second color component of the plurality of color components, the second color
component being distinct from the first color component:
5 predicting a value of the second color component of that pixel using the first prediction
technique to yield a second predicted color value;
predicting the value of the second color component of that pixel using a second
prediction technique to yield a third predicted color value, the second prediction technique
lacking median edge detection, the second prediction technique utilizing inter-component
10 prediction with respect to the first color component;
selecting whichever of the second predicted color value and the third predicted color
value is closer to the value of the second color component to yield a selected predicted color
value; and
computing a difference between the selected predicted color value and the value of the
15 second color component to yield a second error value for that pixel; and
encoding the first error value for that pixel and the second error value for that pixel in a
compressed color image output stream; and
writing the compressed color image output stream to persistent storage as an output

compressed image file.
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PV = ((PV_red x E_green) + (PV_green x E_red))/ (E_red + E_green)
and the error is the actual blue component value of the pixel minus PV

Figure 5
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