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Abstract

This document specifies the ZPAQ open standard format for highly compressed byte string data. The
format supports memory to memory compression, single file compressors, and archivers, either solid or
with independently compressed files. The compression algorithm uses a bitwise context mixing model
(like PAQ8[1]), followed by arithmetic decoding, packing into bytes, and post-processing transforms.
The format supports future improvements in the compression of arbitrarily complex data types without
loss of compatibility because the compressed stream contains instructions for specifying the model
architecture, and byte-code programs to compute arbitrarily complex contexts and transforms. The
standard is open, in that no license is required to develop or use software that reads or writes ZPAQ
compliant data.

Scope

This document describes the ZPAQ level 1 specification, originally published on Mar. 12, 2009.
Revision 1 adds a recommendation for embedding ZPAQ datain other data streams.

All compliant level 1 implementations shall be compatible with each other. Higher levels shall be
backward compatible back to level 1. A file or array produced by any level 1 implementation will be
readable by any other level 1 or higher implementation. Level n implementations, where n > 1, will be
able to read data produced by any level mimplementation, where 1 < m < n. Different versions of level
0 implementations are not compatible with each other or with level 1 in either direction.

The reference decompression program unzpag.cpp isan integral part of this specification. Both this
document and the program may be updated after finalization of the standard to fix software errors or
resolve discrepancies between the specification and the code with the goal of preserving compatibility
with earlier versions of the code. As of this revision, the current version of unzpag.cpp is 1.06.

1. Introduction

The ZPAQ open standard specifies a compressed representation for one or more byte (8 bit value)
sequences. A ZPAQ stream consists of a sequence of blocks that can be decompressed independently. A
block consists of a sequence of segments that must be decompressed sequentially from the beginning of
the block. Each segment might represent an array of bytes in memory, afile, or a contiguous portion of
afile.

ZPAQ uses a context mixing data compression agorithm based on the PAQ series (PAQS8, PAQ9,
LPAQ) [1]. The decompressed stream is decoded one bit at atime, packed into bytes, and then
transformed through a post-processor to undo transforms that were intended to make the data more
compressible. A bit is decoded by amodel, which predicts (assigns a probability to) the next bit based
on previously decoded bits, an arithmetic decoder which takes the prediction and the compressed data
and outputs the bit. The bit is fed back to the model so that it can refine future predictions.

The decoded data for each block starts with a flag to indicate whether it is should be output directly or
post-processed. In the latter case, it consists of a program followed by itsinput data. The output of this



program is the output of the decompresser. In either case, the output may then be divided into separate
arrays or files as described in the segment headers.

A model isaset of components that make independent predictions given a context and/or by combining
the predictions of other components. Each component has a context that is computed from the
previously decoded bits by a program described in the block header. For example, the context could be
a hash of the last 20 bits. Up to 255 components of the following types may be connected in an
arbitrary manner for each block:

CONST - The prediction is afixed value.

CM - Context Model - A table maps the context to a prediction (initially equal for 0 and 1) and a
counter. After abit is decoded, the prediction is adjusted in proportion to the prediction error
and inversely proportional to the count, and the count isincremented up to a specified limit.

ICM - Indirect Context Model - A hash table maps the context to a bit history, a state
representing bounded counts of previously seen 0 and 1 bits (initially both 0) and the most
recent bit. A second table maps the history to a prediction. After abit is decoded, the history is
updated and the prediction is adjusted to reduce the prediction error.

MATCH - An index maps the context to the most recent occurrence of the same context in the
output buffer. The bits following the match are predicted with a confidence that depends on the
length of the match. The index is updated every 8 bits.

AV G - Two predictions are combined by weighted averaging. The model specifies the weights.

MIX2 - Two predictions are combined by weighted averaging. The weight (initidly 1/2) is
selected from atable by context. After decoding, the weight is adjusted in proportion to the
prediction error times the input difference times a specified learning rate. This has the effect of
favoring the most accurate component in each possible context.

MIX - A mixer like MIX2 but with input from a contiguous block of m components. Thereis a
weight for each input. The weights are adjusted to favor the most accurate components, but are
not constrained to add to 1. The weights are initially 1/m.

ISSE - Indirect secondary symbol estimation. A table maps the context to a bit history as with
an ICM. The history is used as the context to a 2 input M1X with independent weights and one
input fixed. The PAQ9A [1] model is a cascade of these ISSE with increasingly higher context
orders. After decoding, the bit history and weights are updated as with an ICM and MIX.

SSE - Secondary Symbol Estimation. SSE takes a quantized input prediction and a context and
outputs a new (interpolated) prediction from atable. After decoding, the nearest table entry is
adjusted to reduce the prediction error aswith aCM.

One possible architecture is shown below. This exampleis smilar to PAQS.
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Fig. 1. A typica ZPAQ decompression architecture

Component input and output predictions are expressed as log odds. If a component predicts that a0 or
1 will occur with probability p, and p; respectively, then the output is p = stretch(p,) = In p./po.
Predictions are computed along a fixed sequence of components with input from earlier components.
The input to the arithmetic decoder is p; from the last component, where p; = squash(p) = /(1 + €®) is
the inverse of stretch(p,). This has the effect of weighting models with high confidence predictions
(large magnitudes) more heavily.

Contexts hashes are computed by a program described in the block header and interpreted once every 8
bits during decompression, and combined with the partially decoded current byte to form a complete
context. The program runs on a virtual machine which takes the last decoded byte as input and writes
the context hashes to the components. The language, called ZPAQL, resembles an assembly language
so that it can be implemented efficiently while allowing for arbitrarily complex contexts. Another
program in the same language is used for post-processing. Both programs are called once for each byte
of input data.

The compressed data represents a high precision binary number in the range (0, 1) with the most
significant bits of the fraction first. The arithmetic decoder maintains arange (low, high), initialy (0,

1), which bounds the data and shrinks as decoding proceeds. The decoder receives a prediction and
splits the range into two parts in proportion to po and p;. Whichever part now contains the compressed
data determines the decoded bit and the new range. Arithmetic coding effectively codes each bit Y at a
cost very closeto the theoretical limit of log, 1/py bits. To mark the end of the data, each decoded byte
is preceded by a EOS (end of segment) bit, which is 1 after the last byte, coded with p; very near 0. The
decoder is designed so that the end of the coded segment can also be found by quickly scanning
without decompressing the data.

The model and post-processor areinitialized at the start of each block and maintain state information
across segments. The arithmetic coder isinitialized at the start of each segment. Segment boundaries
are invisible to the model; the block appears as a continuous stream of bytes. The purpose of segments
isto allow decompression to different destinations (e. g. to different files) and to signal the post-
processor at the end of each file.

Each segment is optionally followed by the SHA1 hash [2] of the original compressed data. A
decompresser may compute the hash of the output and compare it with this checksum to detect errors.

2. Syntax

A ZPAQ leve 1 stream shall have the syntax described in this section. In this description, the notation
"X :=Y Z" meansthat symbol X is composed of Y followed by Z. Terminal symbols (those not
expanded further) are single bytes with range (0...255) inclusive. Symbolsin parenthesis are



nonterminal. The notation X[0...n-1] means an array of X of n elements, individually X[0]...X[n-1].
When X is used as a number, it means an n-byte number in base 256, least significant byte (LSB) first,
in the range (0...256"-1). The notation X[0...] means X repeated 0 or more times. A string enclosed in
double quotesisinterpreted as a sequence of ASCII bytes, e.g. "zPQ" means 122 80 81. The notation
X=n means that X isasymbolic constant with value n (in 0...255). The notation (X | Y) means either X
orY.

ZPAQ ::= (block)[O...]
block ::="zPQ" LEVEL=1 HPROG=1 hsiz€[0..1] (header) (segment)[0...] EOB=255
(Also, header must be hsize bytes long.)
header ::= hh hm ph pm n(1...255) (comp)|[0...n-1] END=0 (hcomp) END=0
compli] ::=(
CONST=1c
| CM=2 sizebits limit
| ICM=3 sizebits
| MATCH=4 sizebits bufbits
|AVG=5(0...i-1) k(O...i-1) wt
| M1X2=6 sizebits(0...i-1) k(O...i-1) rate mask
| MIX=7 sizebitsj(O0...i-1) m(1...i-j) rate mask
| ISSE=8 sizebits j(0...i-1)
| SSE=9 sizebitsj(0...i-1) start limit)
segment ::= 1 (filename) O (comment) 0 RESERVED=0 (ecd) eos
filename ::= ¢(1...255)[0...]
comment ::= ¢(1...255)[0...]
ecd ::=¢[0..]0000
(Also, there are never more than 3 consecutive bytes of ¢ = 0)
€0s ;= (254 | 253 shal0...19])
(where shal isthe SHAL hash [2] of the decompressed segment)

(ecd) (entropy coded data) is arithmetic decoded using the context mixing model described by (comp)
with contexts computed by the program (hcomp), which is executed once for each decoded byte with
that byte as input. The decoded data (dd) for each block has the format:

dd ::= (PASS=0 output[0...] | PROG=1 plen[0...1] (pcomp) pdatg0...] )
(Also, pcomp must be plen bytes long.)

If dd[0] = PASS then output[O0...] is output to the destination specified by (filename) in each segment
header. Otherwise, the program (pcomp) is run once for each byte of pdata with that byte asinput. The
output of the program is output to the destination specified by (filename). Both (hcomp) and (pcomp)
have the same syntax:

pcomp ::= (opcode)[0...]



hcomp ::= (opcode)[O...]

Opcodes are one to three bytes. Valid opcodes are shown in Table 1 in section 6. A program may have
invalid opcodes as long as they are not executed.

A ZPAQ level 1 compliant stream shall conform to this syntax. In addition, a stream where either
program does not halt, or executes ERROR or any reserved instruction, or where the program counter
goes outside the range of the program is not compliant.

3. Decoding
A ZPAQ decoder has the following state information:

* Avirtual machine HCOMP as described by (hcomp), containing the externally accessible
context array H[O0...2™-1] with each element in (0...2%-1), initially O.

* Anarray of n (1...255) components, COMP[0...n-1] as described by (comp), such that COMPYi]
takes context hash H[i] (and also the output of COMPJO...i-1]) as inpui.

* Anarray of n predictions, P[0...n-1], where Fi] in (-2"...2%-1) is the output of COMPYi]. P[i]
represents a belief by COMPYi] that the next bit will be a 1 with probability 1/(1 + e™1/5%),

* A partidly or fully decoded byte C8in (1...511).
* Anarithmetic decoder (section 4).
* POST, apost-processor (section 5).

Throughout this specification, we will use the convention that array indexes are modulo the array size.
Thusif hh = 8, then H[256] = HI[Q].

L et the function predict(COMP]i]) assign a prediction to P[i]. The function update(COMP]i], Y)
updates the state of the component with decoded bit Y (0...1) in away intended to reduce future
prediction errors. The function decode(p) returnsY from the arithmetic coder given a probability pin
[0,1), as described in section 4. The function write(POST, C) writes byte C (0...255) to the post-
processor (section 5). The overal structure of the decompression algorithmiis:

decompress() =
For each block do
Foriin (0...n-1) initialize COMP[i](comp[i])
Initialize HCOMP(hh, hm)
Initialize P[0...255] := 0, C8 := 256
Initialize POST (ph, pm)
For each segment
Select output, depending on filename
Initialize arithmetic decoder (sec. 4)
While decode(0) =0 do
C8:=1
While C8 < 256 do



Foriin(0..n-1) do
Fi] := predict(COMPYi], P[O...i-1], H[i], C8)
Y := decode(squash(P[n-1]) + 0.5) / 2®) (Y in 0...1)
Foriin(0..n-1) do
update(COMPYi], F[i],Y)
C8:=C8*2+Y
write(POST, C8 - 256) (sec. 5)
H := run(HCOMP, hcomp, C8 - 256) (sec. 6)
write(POST, 2%-1) (end of segment)

Define squash() as follows. Squash() is the approximate inverse of stretch(). It is not exact dueto
integer roundoff. The exact definitions are:

squash(x) = floor(32768 / (1 + €¥%), x in (-2048...2047)

stretch(x) = round(64 * In((x + 0.5)/(32767.5 - x))), x in (0...32767)
where round(x) = floor(x + 1/2), and floor(x) is the largest integer not greater than x.
If correctly implemented these functions should satisfy the following computations:

ic0.a2767 3 Streteh(i) = 3887533746 (mod 2%)

Y ic0..400s 3 Squash(i-2048) = 2278286169 (mod 2%)

sguash(> 666) = 32767 stretch(32767) = 710

sguash(0) = 16384 stretch(16384) = 0

squash(< -666) =0 stretch(0) = -710

P[] thus represents stretched probabilities. Squash(P[i]) isin (0...32767) and represents the belief by
COMP[i] that the next bit will be a1 with probability (squash(P[i]) + 0.5) / 32768.

The following functions are defined for each component:
* initiaize(COMP[i]) setstheinitia state at the start of a block.
e predict(COMPYi], H[i], P[O...i-1], C8) writes a prediction to PJi].

* update(COMPi], P[0...i-1], Y) modifies the state of COMPYJi] to reduce the prediction error for
the decoded bit Y.

The (comp) instructions are as follows (with unused parameters omitted):

3.1. CONST c
There is no state to initialize or update. The predictionis F[i] :=(c- 128) * 4

3.2. CM sizebits limit

A context model uses atable CM to map a context into a prediction. When updated, it adjusts the table
entry to reduce the prediction error. To control the learning rate, it counts predictions in each context in



atable CMCOUNT. Initialize:
SIZE := 28
CMJ0...SIZE-1] := 2* (a 22 bit probability in (0...2%-1)
CMCOUNT]JO...SIZE-1] := 0 (count, range 0...1023)
predict(COMM[i], H[i], C8) =
CXT :=HJ[i] XOR hmap4(C8)
P[i] := stretch(floor(CM[CXT] / 27)
update(COMPYi], Y) =
train(i, CM[CXT], CMCOUNT[CXT], limit * 4)

The train() function updates the prediction in CM[CXT] to reduce the prediction error in inverse
proportion to CMCOUNT[CXT], then updates the count up to LIMIT. The function is aso used by
other models:

train(i, T, TCOUNT, LIMIT) =
ERROR := Y * 32767 - floor(T / 27)
T:=T+floor(ERROR * floor(2'®/ (TCOUNT + 1.5))/ 2°)
TCOUNT := min(LIMIT, TCOUNT + 1)
hmap4() is afunction intended to improve cache locality on 64 byte aligned arrays.
hmap4(C8) =
If (C8 < 16) then return C8
Elseif (C8 < 2**°) then return floor(C8/ 2°) * 16 + (C8 mod 2°) + 2°
Elseif (C8 < 2°) then return floor(C8/ 2Y) * 16 + (C8 mod 2%) + 2*
Elseif (C8 < 2°*%) then return floor(C8/ 2°) * 16 + (C8 mod 2%) + 2°
Elseif (C8 < 2°*°) then return floor(C8/ 2°) * 16 + (C8 mod 2°) + 2°

hmap4() has the effect of splitting the partially decoded byte into two 4-bit nibbles. After the first
nibbleis fully decoded, it occupies bits 7...4 of the output with bit 8 set to 1.

0000xxxx -> 00000xxXX
0001xxxx -> 1xxxx0001
001xxxxX -> 1xxxx001x
OIXXXXXX -> IXXXX01XX

IXXXXXXX -> IXXXX XXX

3.3. ICM sizebits

Anindirect context model uses a hash table HT to map a context to a bit history, and then a direct
lookup table CM to map the history to a probability. When a bit is decoded, the history is updated to
reflect the new bit, and the history map is adjusted to reduce the prediction error. Initiaize:



SIZE := 4 * 257" (g ze of context map)
HT[O...SIZE-1][0...15] := 0 (checksum and 15 histories, al in 0...255)
CM[BH in (0...254)] := cminit(BH) (history map, initial probability of 1in 0...2%-1).

The next bit is predicted by computing a hash index HI from HJi] and C8 and looking up in the history
BH in the hash table HT. The low bits of HI are used as the index, and the next higher 8 bits are used as
a checksum to detect (most) hash collisions. If a hash confirmation is not found among 3 adjacent
elements, then the lowest priority element is replaced. Then HT is mapped to P[i] through CM.

predict(COMP[i], H[i], C8) =
If C8=1o0r C8in(16...31) then HI :=find(HT, H[i] + 16 * C8) (first index into HT)
Bl := hmap4(C8) (mod 16) (second index in HT, in 1...15)
BH := HT[HI][BI] (bit history)
P[i] := stretch(floor(CM[BH] / 2%)).
find(HT, CXT) finds the hash index for CXT, replacing an element in HT if needed. It is defined as:
find(HT, CXT) =
CHK :=floor(CXT / SIZE) (mod 256) (checksum for hash confirmation)
HO := CXT mod SIZE (hash index)
H1 := HO XOR 1 (candidate |l ocations)
H2 := HO XOR 2
If HT[HO][O] = CHK then return HO
Elseif HT[H1][0] = CHK then return H1
Elseif HT[H2][0] = CHK then return H2
Elseif HT[HO][1] < HT[H1][1] and HT[HO][1] < HT[HZ2][1] then
HT[HO] := (CHK, 0[1...15]), return HO
Elseif HT[H1][1] < HT[H2][1] then
HT[H1] := (CHK, 0[1...15]), return H1
Else CM[HZ2] := (CHK, Q[1...15]), return H2.

HT uses element O of each row as a confirmation checksum and element 1 as a priority. Element 1
represents the bit history for a context ending on a4 bit boundary. Thisis the history updated most
frequently in the row, because the other histories are for contexts that are 1 to 3 bits longer. The
histories are represented by states sorted by increasing nO+ nl, the sum of the 0 and 1 bit counts. Thus,
the cache replacement policy isroughly LFU (least frequently used).

When a bit Y is decoded, the bit history is updated in CM, HM[BH] is adjusted to reduce the prediction
error.

update(COMPYi], Y) =
HT[HI][BI] := next(BH, Y)
ERROR := Y * 32767 - floor(CM[BH] / 256)
CM[BH] := CM[BH] + floor(ERROR / 4).



A bit-history has the form of an ordered triple, (NO, N1, LB). NO and N1 represent counts of the 0 and
1 bitsY that have been used to update BH. LB represents the last update bit, either O or 1, or 1/2
indicating that the last bit is not stored. The values NO, N1, and LB arerestricted to allow 255 possible
values of BH according to the following rules:

* If NO> N21then BH isallowed only if inverse(BH) is allowed, where inverse(NO, N1, LB) =
(N1, NO, 1-LB).

* IfNO+N1lisin(1..17)thenLBisin(0...1) elseLB = 1/2.
« IfNO=0thenN1lisin(0...20).

« IfNO=1thenN1lisin(0...48).

* IfNO=2thenN1isin(0...15).

« IfNO=3thenN1lisin(0...8).

* IfNO=4thenN1lisin(0...6).

« IfNO=5thenN1lisin(0..5).

The function next(BH, Y) updates the bit history by appending bit Y but keeping BH within the
allowed set of values by discarding counts as needed. In most cases thisis done by discarding part of
the opposite count, e. g. reducing N1 if Y = 0. It is defined:

next(BH = (NO, N1, LB),Y) =
If NO < N1 then return inverse(next(inverse(BH), 1-Y))
Elseif BH = (20, 0, 1/2) and Y = 0 then return (20, 0, 1/2)
Elseif BH = (48, 1, 1/2) and Y = O then return (48, 1, 1/2)
Elseif BH = (15,2, *) and Y =0 thenreturn (8, 1, 0) (* meansOor 1)
Elseif BH=(8, 3, *) and Y = 0 then reutrn (6, 2, 0)
Elseif BH=(8, 3,*) andY = 1 thenreturn (5, 3, 1)
Elseif BH = (6, 4, *) and Y = O then return (5, 3, 0)
Elseif BH= (5,5, *) and Y = 0 then return (5, 4, 0)
Elseif BH=(5,5,*)andY = 1thenreturn (4, 5, 1)
Elseif Y =1 then return bound_LH(discount(NO), N1+1, 1)
Else (Y = 0) return bound_LH(NO+1, discount(N1), 0).
discount(N) =
If N> 7thenreturn7
Elseif N>5thenreturn N - 1
Else return N.
bound LH(BH = (NO, N1, LH)) =



If NO + N1 > 17 then return (NO, N1, 1/2)
Else return BH.

In the function find(HT, CXT), the meaning of < when comparing bit historiesisto compare their
priorities defined by the function:

priority(BH = (NO, N1, LB)) = NO* 128 + N1 * 130 + LB.

The priority function defines a strict ordering over bit histories by increasing total count, breaking ties
by N1, then by LB. Bit histories may be sorted by priority and mapped to numbers in the range
(0...254) when used as an index into the array CM. In HT, the meaning of O istheinitial state (0, O,
1/2), which has the lowest priority.

The function cminit(BH) returns 2% times the estimated probability that the next update will bea1in
state BH:

cminit(BH = (NO, N1, LB)) = floor(22* (N1* 2+ 1) / (NO + N1 + 1)).

3.4. MATCH sizebits bufbits

A match model finds the most recent context match in an output buffer and predicts the next bit as a
function of the length of the match. The match is maintained until a bit mismatch isfound. On each
byte boundary, if there is no current match then it looks up the context in the index to find a new one.
On each byte boundary it updates the output buffer and the index. Initialize:

SIZE := 2szeis

INDEX|0...SIZE-1] :=0

OFFSET := 0 (distance back to match)

LEN := 0 (Iength of match in bytes, up to 255)

BUF[O0...2"™".1] := 0, BUF[0Q] := 1 (decoded data buffer in BUF[0...POS-1](0...255))
POS := 0 (number of decoded bytes)

BP := 0 (number of decoded bits after last full byte, 0...7)

predict(COMP[i]) =
If LEN =0thenF[i] :=0
Else
BIT := floor(BUF[POS - OFFSET] / 2"®") (mod 2) (predicted bit)
If BIT = 1 then P[i] := stretch(32768 - floor(2048 / LEN))
Else P[i] := stretch(floor(2048 / LEN))

update(COMPYi], Y) =
If BIT#Y then LEN := 0
BUF[POS] := BUF[POS] * 2 + Y (mod 256)



BP:=BP+1
If BP = 8 then (a byte was fully decoded)
POS:=POS + 1
BP:=0
If LEN =0 then (look for a match)
OFFSET := POS - INDEX[H[h]]
If OFFSET # 0 (mod BUFSIZE) then
While LEN < 255
and BUF[POS - LEN - 1] = BUF[POS - LEN - OFFSET - 1]
LEN:=LEN+1
Elseif (LEN < 255) then LEN := LEN + 1
INDEX[H]Ji]] = POS

3.5.AVG j k wt
Thereisno state to initialize or update.
predict(P[O...i-1]) =

P[i] := floor((P[j] * wt + P[K] * (256-wt)) / 256).

3.6. MIX sizebits ] m rate mask

A MIX adaptively combines m predictions by weighted averaging, where the weights are selected by a
context. After a bit is decoded, the weights are adjusted to favor the most accurate models. Initialize:

SIZE := 2szeis

WTJO...SIZE-1][0...m-1] := floor (2'%/m)
The output prediction is aweighted sum of inputs PYj...j+m-1]
predict(COMM[i], H[i], P[O...i-1], C8) =

CXT :=HJi] + (C8 AND mask)

Pli] := clamp2k(floor(( X kin..j+m1 flOor(WT[CXT][K] * P[K] / 256) / 256))
where clamp2k(x) bounds x to a 12 bit signed integer:

clamp32k(x) = min(2047, max(-2048, x)).
After decoding, the weights are adjusted to favor the most accurate input models for the given context.
update(COMPi], F[O...i-1],Y) =

ERROR :=floor(Y * 32767 - squash(P[i])) * rate/ 16)

Forkin(j...j+m-1) do

WT[CXT][K] := clamp512k(WT[CXT][K] + round(ERROR * P[K] / 2%))

where clamp512k(x) = min(2™-1, max(-2", x)) clamps x to a 20 bit signed integer.



3.7. MIX2 sizebits j k rate mask

A MIX2isaMIX with m = 2inputs, P[j] and P[k] instead of F[j...j+m-1]. Additionally, the weights are
constrained to add to 1. We may represent aM1X2 using a single weight per context. Initialize:

SIZE := 25t

WT[O...SIZE-1] := 25
predict(COMP[i], HIi], P[0...i-1], C8) =

CXT := H[i] + (C8 AND mask)

Pli] = floor((P[j] * WT[CXT] + P[K] * (65536 - WT[CXT])) / 65536)
update(COMPYi], P[0...i-1], Y) =

ERROR :=floor((Y * 32767 - squash(P[i])) * rate/ 32)

WT[CXT] := min(65535, max(0, WT[CXT] + round(ERROR * (P[j] - P[K]) / 2")))

3.8. ISSE sizebits |

Anindirect secondary symbol estimator maps a context to a bit history (like ICM), which is then used
as the context for a2 input M1X with independent weights and one input fixed. The MIX takes F[j] and
constant 64 as inputs. The weights are initialized to 2" for P[j] and an initial guess based on CMINIT
(sec. 3.3) for the constant. The learning rate for Pj] isfixed. Initialize:

SIZE := 4 * 2°% (gize of hash table)

HT[O...SIZE-1][0...15] := 0 (checksum and 15 histories, al in 0...255)

WT[0...254][0] := 2% (input for P[j], range -2*°...2"°-1)

WT[O...254][1] := clamp512k(stretch(floor(cminit(0...254) / 28)) * 2°)
predict(COMM[i], H[i], P[O...i-1], C8) =

If C8=0o0r C8in (16...31) then HI :=find(HT, H[i] + 16 * C8) (first index into HT)

Bl := hmap4(C8) (mod 16) (second index in HT, in 1...15)

BH := HT[HI][BI] (bit history in 0...254)

P[i] := clamp2k(floor((WT[BH][O] * P[q] + WT[BH][1] * 64) / 2'%)
update(COMPi], P[0...i-1], Y) =

HT[HI][BI] := next(BH, Y)

ERROR :=Y * 32767 - squash(P[i])

WT[BH][0] := clamp512k(WT[BH][0] + round(ERROR * P[i] / 2%))

WT[BH][1] := clamp512k(WT[BH][1] + round(ERROR / 2°))
The functions cminit() and next() are defined in section 3.3.

3.9. SSE sizebits | start limit

A secondary symbol estimator (SSE) takes an input prediction P[j] quantized to 32 levels and a context
H[i] and outputs a new prediction. The prediction is interpolated between the two nearest quantized



value. The closer of those two points is then updated. The table SM is initialized to output the same
prediction as theinput for all contexts. Each element is associated with a count SMCOUNT in
(start...limit*4) that determines the update rate. Initialize:

SIZE := 28

For kin (0...31)
SMJ0...SIZE-1][K] := squash(k*64 - 992) * 2’
SMCOUNTIO...SIZE-1][K] := start.

predict(COMP[i]) =

CXT :=H]Ji] + BUF[PQOS]

PQ := min(1983, max (0, (P[j] + 992)))

W := PQ (mod 64) (interpolation weight)

PQ :=floor(PQ/ 64) (quantized to 0...30)

P[i] := stretch(floor((SM[CXT][PQ]* (64-W) + SM[CXT][PQ+1]*W) / 2%))

If W>32then PQ :=PQ + 1.

When bit Y is decoded, the prediction is adjusted to reduce the prediction error in inverse proportion to
its count, and the count is incremented to a maximum of limit*4.

update{COMP, Y) =
train(i, SM[CXT][PQ], SMCOUNT[CXT][PQ], limit*4) (section 3.2).

4. Arithmetic Decoder

The arithmetic decoder receives bit predictions (PR = squash(P[n-1]) + 0.5)/32768, and the compressed
input stream and outputs uncompressed bits, Y. The end of segment is decoded with PR = 0. All other
bits are decoded with PR equal to odd multiple of 1/65536 between 0 and 1.

The decoder state isinitialized:
LOW := 1 (in 1...2%%-1)
HIGH := 2%-1 (in 0...2%-1, HIGH > LOW)
CURR:=0
Do 4 times: CURR := CURR * 256 + next_byte(ecd).
decode(PR) returns a bit as follows:
PR := PR * 2' (aninteger in 0...65535)
MID := LOW + floor((HIGH - LOW) * PR/ 2°)
If CURR<MIDthenY :=1, HIGH :=MID
elseY :=0,LOW :=MID + 1.
While floor(LOW / 2*) = floor(HIGH / 2*%) do
LOW := LOW * 256 (mod 2%)
If LOW =0thenLOW :=1



HIGH := HIGH * 256 + 255 (mod 2%)
CURR := CURR * 256 + next_byte(ecd) (mod 2%)
Return'Y.

next_byte() reads one byte of the compressed data, ecd. When decoding ends, next_byte() will have
read the 4 trailing O bytes so that LOW > 0, CURR = 0, HIGH = 2*-1. At all other times, LOW <
CURR < HIGH and LOW < HIGH. The next byte to read would be EOS.

5. Post Processing
Recall that a block decoded as described in sections 3 and 4 has the following syntax:
dd ::= (PASS=0 output[0...] | PROG=1 plen[0...1] (pcomp) pdatg0...] )

This data is written to a post-processor in the decoding algorithm in section 3 by calling write(POST,
C) for each byte C in dd. POST has the following state:

PCOMP, avirtual machine, initialized PCOMP(ph, pm)

PBUF, an input buffer string, initialized to ""
write(POST, C) =

If PBUF ="" then append C to PBUF

Elseif PBUF[0] = PASS then output C

Elseif |PBUF| < 3 or [PBUF| < plen + 3 then append C to PBUF (where plen = PBUF[1..2])

Else run(PCOMP, pcomp, C). (run program pcomp (in PBUF[ 3...plen+ 2] ) with input C)
When the first byte of dd is PROG, the output of run() is the output of the decompresser.

6. ZPAQL

There are 2 ZPAQL virtual machines: HCOMP in the bit prediction model, and PCOMP in the post-
processor. A machine COMP isinitialized (at the beginning of a block):

COMP(hbits, mbits) =
PC := 0 (program counter)
A, B, C, D := 0 (general purpose registersin 0...2%%-1)
F := 0 (condition flagin0...1)
H[0...2"™"-1] (memory, each element in (0...2%-1), initialized to 0. In HCOMP,
HI[i] is theinput to COMPYi])
MJO0...2™"=-1] (memory, each element in (0...255) initialized to 0)
R[0...255] (memory, each element in (0...2%-1), initialized to 0).

A program is executed by calling run(COMP, prog, input), where prog is a string of opcodes asin table
1, and input isan input in (0...2%-1).



run(COMP, prog, input) =

PC:=0

A = input

prog := (prog 0 0) (append two 0 bytes (ERROR opcodes))

Do forever
If PC not in (O...|progl|-3) then exit with an error
If prog[ PC] = 255 then OPCODE = prog[PC...PC+2] (LJlong jump opcode)
Elseif prog[PC] = 7 (mod 8) then OPCODE := prog[PC...PC+1], PC:=PC + 2
Else OPCODE := prog[PC], PC:=PC+ 1
If OPCODE = ERROR or is undefined then exit with an error
Elseif OPCODE = HALT then return
Else execute(OPCODE).



Opcode 0 1 2 3 4 5 6 7
0 ERROR |A++ A-- Al A=0 A=RN
8 B<>A B++ B-- B! B=0 B=RN
16 C<>A C++ C-- C! C=0 C=RN
24 D<>A D++ D-- D! D=0 D=RN
32 *B<>A [*B++ *B-- *Bl *B=0 JI'N
40 *C<>A | *CH+ *C-- *Cl *C=0 JFN
48 *D<>A  |*D++ *D-- *Dl *D=0 R=AN
56 HALT ouT HASH HASHD JMPN
64 A= A=B A=C A=D A=*B A=*C A=*D A=N
72 B=A B=B B=C B=D B=*B B=*C B=*D B=N
80 C=A C=B Cc=C C=D C=*B C=*C C=*D C=N
88 D= D=B D=C D=D D=*B D=*C D=*D D=N
96 *B=A *B=B *B=C *B=D *B=*B |*B=*C |*B=*D |*B=N
104 *C=A *C=B *C=C *C=D *C=*B |*C=*C |*C=*D |*C=N
112 *D=A *D=B *D=C *D=D *D=*B *D=*C |*D=*D |*D=N
120
128 A+=A A+=B A+=C A+=D A+=*B |A+=*C |A+=*D |A+=N
136 A-= A-=B A-=C A-=D A-=*B A-=*C A-=*D A-=N
144 A*=A A*=B A*=C A*=D A*=*B |A*=*C |A*=*D |A*=N
152 A=A A/=B A/=C A/=D A/=*B A/=*C A/=*D A/=N
160 A%=A |A%=B |A%=C |A%=D |A%=*B A%=*C |A%=*D |A%=N
168 A&=A |A&=B A&=C |A&=D |A&=*B A&=*C |A&=*D |A&=N
176 A&~A A&~B A&~C A&~D A&~*B |A&~*C |A&~*D |A&~N
184 AlFA Al=B Al=C Al=D Al=*B Al=*C Al=*D AlEN
192 AN=A A"=B AN=C A"=D AN=*B A=*C  |AM=*D |AM=N
200 A<<=A |A<<=B |A<<=C |A<<=D |A<<=*B |A<<=*C |A<<=*D |A<<=N
208 A>>=A |A>>=B |A>>=C |A>>=D |A>>=*B |A>>=*C |A>>=*D |A>>=N
216 A== A==B A==C A==D A==*B |A==*C |A==*D A==
224 A<A A<B A<C A<D A<*B A<*C A<*D A<N
232 A>A A>B A>C A>D A>*B A>*C A>*D A>N
240
248 LIN M

Table 1. ZPAQL opcodes




Note that the state of COMP is retained between runs except for A and PC. Opcodes are given in Table
1. The numeric value is the row number plus the column number. Opcodes in column 7 are two bytes
where the second byte isN in (0...255). Opcode 255 (LJ) is 3 bytes.

The meaning of execute(OPCODE) is as follows. Most opcodes have the form "X op Y" where X and
Y areoneof A, B, C,D, *B, *C, *D, or N. A, B, C, and D are 32 bit registers with valuesin (0...2%-1).
N isanumber in (0...255), the second byte of a 2 byte opcode. * B means M[B]. *C means M[C]. *D
means H[D]. Operations on *B and * C are modulo 256. Operationson A, B, C, D, and *D are modulo
2%, Asusual, indexesinto M and H are modulo 2™" and 2™" respectively. Operations are as follows:

ERROR causes the decompresser to fail (for debugging). It is equivalent to any undefined
instruction, except that it is not reserved for future use.

X++ means add 1 to X. (Note that * B++ increments *B, not B).
X-- means subtract 1 from X.
X!I'means X :=-1-X (complement all bits).

X=0meansset X :=0. (Thisisal byte opcode. It is equivalent to the 2 byte opcode X=N when
N isO0).

X<>A means swap X withA. If X is*B or *C then only the low 8 bits of A are changed.
X=R N means X := R[N].
R=A N means R[N] :=A.

JT N (jump if true) meansif F = 1 then add ((N+128) mod 256) - 128 to PC. Thisisa
conditional jump in the range (-128...127) relative to the next instruction, e.g. JT 0 has no effect,
1...127 jumps forward and 128...255 jumps backwards from the next instruction.

JF N (jump if false) meansif F = 0 then add ((N+128) mod 256) - 128 to PC.
JMP N means add ((N+128) mod 256) - 128 to PC (regardless of F).

LIN M (long jump) means PC := N + 256 * M, where N and M arein (0...255). Thisisthe only
3 byte instruction.

HALT terminates execution and returnsto the calling algorithm.

OUT means to output A. In PCOMP, A (mod 256) is written to output. In HCOMP it has no
effect.

HASH meansA = (A + *B + 512) * 773 (auseful byte hashing function for HCOMP).
HASHD means*D := (*D + A + 512) * 773.

X=Y assigns X =Y.

A+=Y addsA:=A+Y.

A-=Y subtractsA :=A-Y.

A*=Y multipliesA :=A* Y.

A/=Y divides: if Y >0thenA:=A/Y elseA:=0.

A%=Y:if Y >0thenA:=A (modY), elseA :=0.



* A&=Y computesA :=A AND Y, which clears any bit in the binary representation of A if the
corresponding bit of Y isO.

*  A&~Y computesA := A AND NOT Y, which clearsany bitinA that issetin Y.
* A|FY computesA :=A ORY, which setsany bitinA thatissetin.

* AM=Y computesA :=A XORYY, which complementsany bitin A that issetin'.
o A<<=Y (left shift): A= A* 2Vm™d%

s A>>=Y (right shift): A :=floor(A / 2¥ ™43

* A==Y (equas): IfA=Y thenF:=1elseF:=0.

* AKY (lessthan): IfA<Y thenF:=1eseF:=0.

* A>Y (greater than): IfFA>Y thenF:=1eseF:=0.

7. Compliance

A program that accepts any data that conforms to the requirements in sections 2 through 6 in this
document isZPAQ level 1 compliant. Thereis no requirement for a compliant program to behave in
any particular way for any non conforming data. There is no requirement that a compressor that
produces ZPAQ level 1 datashall support all of the features described. However, it is the responsibility
of the compressor to produce compliant data.

A decompresser might not have enough memory to decompress a compliant stream. A decompresser is
said to be compliant up to its memory limit if it will accept al streams that require less memory. The
memory requirement may be computed from information in the block header. It is 4* 2™ + 2™ + 4% 2P +
2°™ bytes plus the following by component in (comp), in bytes, where SIZE = 257,

* For each CM, 4*SIZE

* For eachICM, 64*SIZE + 1024

» For each MATCH, 4*SIZE + 2>
* For each MIX2, 2*SIZE

* For each MIX, 4*SIZE*m

* For each ISSE, 64* SIZE + 2048

» For each SSE, 128*SIZE.

A block header begins with "zPQ" followed by LEVEL=1 to indicate the compression level supported.
Future versions will use (2...127) in increasing order. Each level L shall support reading al levelsin the
range (1...L). Levels (128...255) are reserved for private use and are not part of thisor any future
standard. Likewise, HPROG=1, PROG=1, and RESERVED=0 shall not use values in the range
(128...255) in future versions for the same reason. HPROG and PROG are intended to indicate the
language used in the (hcomp) and (pcomp) sections, respectively.

LEVEL=0 is experimental. Different versions of level O programs are not required to be compatible
with each other or with level 1.

A segment header has a filename and a comment string. The ZPAQ standard makes no requirements
with respect to these strings. They may be empty. The filename string is intended to support archives



with multiple files. The intended meaning is that the segment should be written to the named file,
unless overridden by the user. An archiver may split afile into more than one segment or block. If the
filename is empty, then the intended meaning is that the segment should be output to the samefile as
the previous segment.

The standard does not specify a meaning for the comment field. It may contain arbitrary data, for
example, to be displayed when listing the contents of an archive. The recommended content is the
uncompressed file size as a decima number, for example, "1000". For archivers that restore timestamps
to extracted files, it is recommended that the time stamp be stored after the file size and a space at the
beginning of the comment in the format "size YYYY/MM/DD HH:MM:SS" with optional additional
data following, for example, "1000 2009/03/06 23:59:59".

(Added in revision 1). When a block or sequence of blocks is embedded in a stream of non-ZPAQ data,
it isrecommended that the first block be preceded by the following 13 byte string to help locate it:

37 6B 53 74 A0 31 83 D3 8C B2 28 BO D3 (in hexadecimal).

The value was chosen randomly. In addition, non-ZPAQ data following a block sequence, if any,
should not begin with "zPQ" (7A 50 51 hex). A stream may contain more than one block sequence. A
locater tag is useful for marking the start of the datain a self extracting archiver.

8. Implementation Notes

This document does not specify a compression algorithm. However, it will generally be the case that
the models (on the input side of the arithmetic decoder) will be identical for compression and
decompression. For the arithmetic coder, range splitting and normalization would be identical, except
that when the high bits of the range are shifted out, they are written to the output. Immediately after
coding EOS, the compressor should write an end of segment marker (0 0 0 0 254). It is not necessary to
flush the encoder.

It isthe responsibility of the compressor to ensure that preprocessing is exactly reversed by post-
processing. The recommended way to do thisisto test during compression by running both transforms
and comparing with the original.

Memory requirements for a typical decompresser implementation can be calculated almost entirely
from information in the block headers. Compression typically requires at least as much memory as
decompression.

The design is optimized for arrays aigned on 64 byte cache line boundaries (in particular, ICM and
ISSE).

9. Intellectual Property

| (Matt Mahoney) am not aware of any patents protecting any of the techniques needed to fully
implement a compression or decompression algorithm or product according to this specification. | have
not filed for patents on any of the techniques described here and will not do so.

This document may be copied and distributed freely as long as the contents are not modified.

The program unzpag.cpp versions 1.00 through 1.06 are copyright (C) 2009, Ocarina Networks Inc. It
is licensed under the GNU General Public License version 3, or at your option, any later version. See
http://www.gnu.org/copyleft/gpl.ntml for the latest version of the license.
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