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Abstract

Efficient access to inverted indexes is critical for search engines to rapidly re-
spond to user queries, and compressing inverted lists represents one of the most
important techniques for enhancing search engine performance. This paper in-
vestigates the Adaptive Segmentation Compression Scheme (ASCS) algorithm.
To address the suboptimality of the uniform segmentation method employed
in ASCS, we propose optimizing the segmentation strategy within ASCS using
the Artificial Bee Colony algorithm. To remedy the issue that ASCS considers
overly simplistic factors influencing sequence space occupancy, we propose an
improved algorithm incorporating multiple factors. For long sequences with non-
uniform distribution that yield unsatisfactory compression rates under ASCS,
we propose performing sorting and differential encoding operations prior to com-
pression with the ASCS algorithm. Comparative experiments demonstrate that
the optimized algorithm can significantly compress inverted indexes.
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Abstract: Efficient access to inverted indexes is crucial for search engines to
achieve fast query response times, and compressing posting lists represents one
of the most important methods for improving search engine performance. This
paper investigates the Adaptive Segmentation Compression Scheme (ASCS) al-
gorithm and proposes three key improvements: First, to address the suboptimal
uniform segmentation approach in ASCS, we optimize the segmentation method
using the Artificial Bee Colony (ABC) algorithm. Second, to remedy ASCS’ s
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overly simplistic consideration of factors affecting sequence space consumption,
we propose an improved algorithm under multiple influencing factors. Third, to
improve compression ratios for long sequences with uneven distributions under
ASCS, we propose performing sorting and differential encoding operations be-
fore applying ASCS compression. Comparative experiments demonstrate that
the optimized algorithm significantly improves inverted index compression.

Keywords: search engine; inverted index; index compression; artificial bee
colony algorithm; ASCS algorithm

0 Introduction

With the rapid development of the Internet, particularly mobile Internet, net-
work information volume has grown increasingly massive, posing significant chal-
lenges for information storage and retrieval. Efficiently locating and searching
for target information within vast information collections has become an urgent
problem to solve. The inverted index [1] serves as the modern search engine’ s
indexing model, where each term corresponds to a posting list containing doc-
ument IDs (DocIDs), frequencies, and positions where the term appears. An
inverted index file is essentially a collection of terms and their posting lists,
with the structure shown in Table 1 . Compressing an inverted index means
compressing both terms and posting lists. For better storage and compression,
the DoclIDs, frequencies, and positions for each term are typically stored sepa-
rately. Thus, compressing posting lists essentially involves compressing integer
sequences composed of DoclIDs, frequencies, and positions.

For each DoclD, its disk space consumption depends on the maximum docu-
ment ID in the collection, which obviously wastes substantial storage resources.
Inverted index compression technology is currently widely applied, with numer-
ous algorithms and encoding schemes adopted in search engines. A common
practice involves storing d-gaps [2] (differential values) of DocIDs and positions
rather than their actual values to reduce storage space. Current compression
algorithms can be categorized based on their encoding properties [3] into bit-
wise compression, byte-aligned compression, word-aligned compression, oblivi-
ous compression, and list-adaptive compression. Oblivious compression encodes
values based solely on themselves, considering only individual information while
ignoring neighboring and global context.

Unary [4] encodes a positive integer n as n-1 ones followed by a zero (e.g., 5 is
encoded as 11110), making it suitable for small integers but inefficient for large
ones. Elias Gamma [5] encodes integer n into two parts: a length portion and
a data portion. The length portion uses Unary encoding of n’ s binary length,
while the data portion consists of n’ s binary representation without the most
significant bit. For example, 6 is encoded as 110[10. Similarly, Gamma coding
is unsuitable for large integers. Elias Delta [6] also encodes integer n into length
and data portions, but the length portion uses Elias Gamma encoding of n’ s

chinarxiv.org/items/chinaxiv-201805.00238 Machine Translation


https://chinarxiv.org/items/chinaxiv-201805.00238

ChinaRxiv [$X]

binary length, with the data portion identical to Elias Gamma’ s. For instance,
6 is encoded as 1101]|10, which is more efficient for large integers.

Golomb [7] coding divides integer n by divisor d to obtain quotient ¢ and remain-
der r. For compression sequences, the divisor is typically set as d ~ 0.69 x avg,
where avg is the sequence average. Rice [8] coding is an upgraded version of
Golomb coding that restricts the divisor to powers of two, enabling efficient shift
operations instead of division and faster encoding. Extended Golomb [9] coding
repeatedly divides integer n by divisor d k times until quotient q=0. Subse-
quent improvements include Fast Extended Golomb [10] (FEGC), Re-Ordered
FEGC [11] (RFEGC), Block RFEGC [11] (BRFEGC), Re-Ordered Fast Mod-
ified Extended Golomb [12] (RFMEGC), Run-Length Encoding RFEGC [12]
(RLETFEGC), and Dynamic Programming RFEGC [12] (DPRFEGC).

PackedBinary [13] is a position-based encoding that processes one integer at a
time, selecting the effective bit width w of the maximum integer in the sequence
and encoding all integers using w bits. Variable Byte [14] is a byte-aligned
method that uses the lower 7 bits of each byte to represent integer n’ s binary
portion, with the most significant bit indicating whether encoding is complete
(1) or continues (0). For example, 201 is encoded as 10000001 01001001. The
Simple [15] family compresses integer sequences by packing multiple integers
into a single word. Frame of Reference [16] (FOR) encodes blocks of integers
(e.g., 128) by storing the minimum value m in binary and other integers as
differences from m, with each integer occupying b = |log, (M —m)] 4 1 bits.

Patched Frame of Reference [17] (PFOR) addresses FOR’ s poor compression
when large outliers M cause excessive b values. PFOR selects parameter b for
most integers (e.g., 90%), treating integers requiring more than b bits as excep-
tions. It uses FOR for normal values and stores the position of the next excep-
tion in the b bits originally allocated for exceptions, storing actual exception
values uncompressed after the FOR output. When b bits cannot represent ex-
ception intervals, b is increased, reducing compression ratio. To enhance PFOR,
NewPFD [18], OptPFD [18], and FastPFOR, [19] were subsequently proposed.

To improve inverted index compression ratios, this paper investigates the Adap-
tive Segmentation Compression Scheme (ASCS) algorithm [20]. ASCS has three
main deficiencies: (a) its uniform segmentation approach is suboptimal, result-
ing in poor compression; (b) it considers only a single factor affecting sequence
space consumption, limiting effective data compression; and (c) it achieves un-
satisfactory compression ratios for long sequences with uneven distributions.
To address these limitations, we propose: optimizing ASCS segmentation using
the Artificial Bee Colony algorithm, developing a comprehensive improvement
under multiple factors, and applying sorting and differential encoding before
ASCS compression. Experiments demonstrate that the improved algorithm sig-
nificantly enhances inverted index compression.
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1 Related Algorithms
1.1 CSN Encoding

For a positive integer sequence X = {x,,o,...,2,}, a unique Goédel number
[21] can represent it. Godel numbers are based on prime factorization encoding
systems with the formula:

enc(zy, Ty, .o, T,) =Dyt - Po® c et D"
where p, are consecutive increasing primes. This encoding grows exponentially
with integer sequence values and length, making it unsuitable for long integer se-
quence compression. Based on Gédel numbers, the CSN-1 number [20] encoding
is defined as:

Definition 1. For an integer sequence X = {x, o, ...,z,} of length n with
minimum element 1, the CSN number encoding can be obtained through the
recurrence relation (2):

ag =1
ak:T~ak_1+LI}k, 1§k§n
CSN =a,,

where T' = max(z, 25, ..., x, ) + 1.

This compresses an integer sequence into a single CSN number. However, CSN-1
becomes inapplicable when z; < 0 or the minimum element is not 1. Therefore,
CSN-2 improves upon CSN-1:

Definition 2. For an integer sequence X = {z,,z,,..., 2, } of length n, the
CSN number encoding can be obtained through recurrence relation (3):

ag =1
ap=T-a, +z,—m+1, 1<k<n
CSN =a,,
where m = min(z, zo, ..., ,,) and T = max(z,, Tq,...,T,,) — M + 2.

This enhances CSN encoding’ s adaptability. For CSN decoding, which is the
inverse process, the recurrence relation (4) is:

{ =[]

xkzrem(“"—;l)—i—m—l
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where rem denotes remainder operation and |-| denotes floor division. When
a;, = 0, the recursion ends, and reversing the sequence X restores the original
encoded sequence.

1.2 Adaptive Segmentation ASCS Algorithm

Decoding a CSN encoding requires two parameters: T and m. Therefore, com-
pressing a length-n integer sequence requires storing three parameters: CSN,
T, and m. The space calculation for CSN number encoding uses the general
formula (5):

CSN = a,, = T ag+T" (2 —m~+1)+T" 2 (zg—m+1)+..4+T(z,_;—m+1)+(z,,—m+1)
Thus, the space needed to store one integer sequence is:

S =log,(CSN) + o(T') 4 o(m)

where o represents the space occupied by storing one integer.

From equation (6), factors affecting an integer sequence’ s space consumption
include not only the sequence’ s values and length but also value distribution
and min/max values. Parameter T has a power function relationship with space
S, while parameter m has a linear relationship. Sequences with concentrated
values achieve better compression.

Although segmentation compression ASCS can reduce T values and sequence
lengths for small segments, it may increase each segment’ s minimum value m,
yielding unsatisfactory compression for long integer sequences. From equation
(7), reducing segment parameters T, m, and sequence values z; can effectively
improve ASCS compression ratios.

The adaptive segmentation ASCS algorithm aims to minimize the average T
value of the long sequence being compressed. The algorithm proceeds as follows:

a) Initialize segment count b = 1, optimal segment count p = 1 (no
segmentation), and calculate the T value.

b) Calculate each segment’ s T value and the long sequence’ s average T
value ¢t. Continue if b <n —1 and ¢t < T, otherwise terminate.

¢) Increase segment count: b = b+ 1 and return to step b) for iterative
computation.

After these steps, the segment count minimizing the long sequence’ s average T
value can be found, achieving better compression. The space after segmentation
compression is the sum of each segment’ s space:
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S = Z <log2 (ZJ: T;jii . x“> +o(Ty) + a(mj)>
i—1

J=1

where p is the segment count, 7 is parameter T for segment j, n; is the number
of integers in segment j, z; ; is the i-th element in segment j, and m is parameter
m for segment j.

2 Optimization and Improvement of ASCS Algorithm
2.1 Reordering and Differential Encoding of Sequences

In inverted indexes, DoclDs typically appear in ascending order without repeti-
tion in posting lists. Leveraging this characteristic, we first reorder the sequence
to be compressed in ascending order, then perform differential encoding by sub-
tracting each element from its successor. These two operations effectively reduce
sequence values, decreasing segment parameters m and z; under the same seg-
mentation approach, thereby improving encoding effectiveness.

For example, sequence X = {2,4,5,8,12,13,20,22,25} becomes X' =
{2,2,1,3,4,1,7,2,3} after differential encoding. The original sequence
can be segmented as X = {2,4,5}|{8,12,13}|{20,22,25} with parameters
(my,Ty) = (2,5), (my,Ty) = (8,7), (mg,T5) = (20,7). The differential
sequence segments as X’ = {2,2,1}|{3,4,1}/{7, 2,3} with improved parameters
(m1,T7) = (1,3), (m5,Ty) = (1,4), (m3,T73) = (2,6). The new sequence
significantly reduces values and improves segment parameters m and T, making
this improvement essential.

2.2 Artificial Bee Colony Algorithm for Optimizing Sequence Seg-
mentation

When T values are too large, compression becomes inefficient. The ASCS algo-
rithm segments long sequences to reduce T values and lengths, achieving better
compression per segment. However, ASCS uses uniform segmentation, which is
not necessarily optimal. This paper employs the Artificial Bee Colony (ABC)
algorithm [22] to optimize segmentation for a given segment count, using the
long sequence’ s average T value as the objective function.

The ABC optimization process is as follows:

a) Initialize NP food sources X = {X;,X,,..., Xyp}, where each source
corresponds to a feasible solution (a segmentation pattern represented by
segmentation coordinates). Each source is a d-dimensional vector X, =
{Z;1,%;9,...,2;5} where d = p—1 (segment count minus 1). Food sources
are initialized using equation (8):
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z;; = randInt(1,n—1), z, =randlnt(l,n—1), j,k€{1,2,..,d},j+# k,z;; # 23

Each dimension is a random integer between 1 and n — 1, with all dimensions
distinct.

b) Employed bees calculate their source’ s fitness and search for new sources
using equation (10):

V=X, + randInt(—a, a)

where a is a range control parameter. If a better source (higher fitness) is found,
the bee moves; otherwise, the source remains unchanged and its non-update
counter increments.

¢) Onlooker bees probabilistically select sources using roulette wheel selection
based on equation (11):

fit,

b= —~5p

Zizl ﬁti

They update sources using the same method as employed bees. Unupdated
sources have their counters incremented.

d) When a source’ s non-update count reaches threshold limit, the employed
bee becomes a scout, abandoning the local optimum and generating a new
random source using equation (8), resetting its counter.

e) Save the current global best solution and check termination. If iterations
reach maxCycle, output the optimal segmentation; otherwise, return to
step b).

2.3 Improvement to ASCS Algorithm

ASCS focuses on minimizing the average T value but ignores other influential
parameters m, x, and p from equation (6), leaving room for compression im-
provement. Combined with ABC optimization, we propose a comprehensive
improvement that considers all factors affecting space consumption, using equa-
tion (7) as the objective function. This modifies the fitness calculation from
equation (9) to equation (12):

1

e 5 (logz (2221 T -xj,i) +o(Ty) + a(mj>)

3

chinarxiv.org/items/chinaxiv-201805.00238 Machine Translation


https://chinarxiv.org/items/chinaxiv-201805.00238

ChinaRxiv [$X]

During each ASCS iteration with fixed segment count p, each source’ s parame-
ters T, m, and segment values are fixed, enabling fitness calculation via equation
(12) to achieve efficient long integer sequence compression.

2.4 Program Flowchart of Improved ASCS Algorithm

The pseudocode for the improved ASCS segmentation compression algorithm is
as follows:

Input: Integer sequence to be compressed
Output: CSN sequence and related parameters T, m

The flowchart is shown in Figure 1 [Figure 1: see original paper].

3 Experiments and Results Analysis

This experiment comprehensively compares compression results across different
storage formats: integer storage (Int), string storage (String), CSN encoding,
differential CSN (dCSN), CSCA encoding, differential CSCA (dCSCA), ABC-
optimized CSCA (CSCAABC), differential CSCAABC (dCSCAABC), and com-
prehensive improvement combining all three approaches (ACSCAABCP). Com-
pression ratio is defined as:

— Safter % 100%

before

rate =
Sbefore

where S represents sequence space in bits.

We selected nine integer sequences of varying lengths as experimental data, with
detailed descriptions in Table 2 . The ABC algorithm parameters were set as:
food source range control parameter ¢ = 2, limit = 5, and maxCycle = 250.
Table 3 and Figure 2 [Figure 2: see original paper] show each sequence’ s space
consumption and compression ratios relative to integer storage.

Table 2 shows that space consumption varies significantly across encoding meth-
ods. Uncompressed string storage occupies much more space than integer stor-
age, making integer format the practical choice for uncompressed sequences.

From Table 3, the comprehensive improvement (ACSCAABCP) achieves the
best compression ratio across all sequences. Figure 2 demonstrates that dif-
ferent sequences exhibit varying compression rates under the same encoding,
depending on sequence characteristics. For the same sequence, improved ver-
sions (dCSN, CSCA) outperform basic CSN, and further improvements (dCSCA,
CSCAABC) outperform CSCA. The comprehensive dCSCAABCP achieves the
highest compression ratio.
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4 Conclusion

This paper preprocesses data through sorting and differential encoding to reduce
values and increase value concentration, optimizes CSCA segmentation using the
Artificial Bee Colony algorithm, and employs equation (6) as the segmentation
criterion for holistic sequence compression. Experiments show that the improved
dCSCAP algorithm achieves excellent compression ratios for integer sequences.

While effective, dCSCAP’ s iterative optimization makes it less suitable for real-
time indexing and retrieval scenarios. However, it shows high applicability for
periodically updated index search engines. For massive datasets, distributed
computing frameworks could enable parallel encoding to improve speed. For
decoding, dCSCAP only adds a differential step requiring one additional sub-
traction compared to CSCA, minimally impacting decoding performance. In
summary, the proposed improvements hold practical significance.
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