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Preface

Within Rijkswaterstaat (RWS) AIS (Automated Identification System) messages are received
in real time with the DIAMONIS (Dutch Inland AIS monitoring Infrastructure) network. The
current architecture of this system is not suited for archiving large amounts of historic AIS
messages.

This report shows results of investigations into efficient storage for making these historic
AIS messages available for a variety of use cases using the PostgreSQL Database extended with
PostGIS. This is a follow-up research on research carried out in 2016. Space-filling curves are
used for indexing and clustering the AIS position reports.

This project has been carried out in the framework of the “RWS-TUD Raamovereenkomst betr-
effende Samenwerking en Kennisuitwisseling op gebied van Ruimtelijke Informatievoorziening”
(reference 31103836).
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Chapter 1

Clustering and Indexing historic
AIS data with Space Filling Curves

1.1 Introduction

• Earlier work gave an indication that Space Filling Curves (de Vreede, 2016) can be used
as an indexing and clustering framework, creating 1 index where multiple columns are
integrated (e.g. a space–time integrated index). The hypothesis is that this framework can
be more effective for organizing geographic data with a time component than current state
of the art techniques where each column of data will be indexed individually.

• However, this was not tested to its full potential with the database system used in that
research (MongoDB).

• With another database system (e.g. PostgreSQL or Oracle) this is possible. However, these
database systems do not have functions available to convert to and from Space-Filling
curves.

• Hence, the objective of the research carried out is to make a SFC framework inside a
Database Management System to verify the hypothesis.

1.2 Space filling curves

• Studied Space Filling Curves (SFC), Morton and Hilbert curve:

– Lawder (1999)

– Lawder and King (2000)

– Hamilton and Rau-Chaplin (2007)

– Haverkort and Walderveen (2011)

– Hamilton and Rau-Chaplin (2008)

– Psomadaki (2016)
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– Psomadaki et al. (2016)

– Bader (2013)

• Studied already existing implementations:

– https://github.com/kwan2004/SFCLib

– https://github.com/stpsomad/DynamicPCDMS

– https://github.com/NLeSC/pointcloud-benchmark

– http://www.tiac.net/~sw/2008/10/Hilbert

– http://pdebuyl.be/blog/2015/hilbert-curve.html

• Current solutions were not available as extension to the database.

• As proof of principle, we therefore developed:

– Functions for encoding and decoding in Python and Rust for both Morton and Hilbert
in n dimensions (2D, 3D, 4D, . . . , nD).

– Functions for overlap testing of a nD geometry by means of n-ary tree traversal in
Python and Rust (Psomadaki, 2016).

– Made available a glue layer for calling the Python/Rust code from within the database
using SQL.

1.3 AIS data loading

• Historic AIS data was obtained, structured as NMEA sentences stored hourly in a text file.
Data for 1 year (September 2016 – August 2017) was used during the research (in total 300
GB of raw NMEA messages).

• A small program was created for loading the data into PostgreSQL. The program was
created using the Rust programming language (as this is a compiled language, it offers fast
execution).

• The data were filtered to obtain only the position reports (AIS message type: 1, 2, 3). The
timestamp (in UTC time) and payload for every message was loaded into the database.

• From the source data 3 months of data was selected for loading: 1,069,908,800 AIS position
reports were loaded.
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• The payload was loaded into a bitvector data type as suggested by our previous research
(Meijers et al., 2016, 2017). Also functional indexes were created on the table with the
loaded data.

• Some database functions were made for obtaining the parameters latitude and longitude
from the payload string.

• This table serves as heap table from which it is easy to make selections and load data in
alternative forms (i.e. with and without using space filling curves).

• With QGIS the heap table can be visualised and queried.

1.4 Tests

We loaded data for comparison:

• From heap table made a table with: position (φ, λ), timestamp and original payload into a
table with 2 separate indexes (one on space, one on time). Clustered the table on timestamp
or on space index.

• From heap table made a table with: Space Filling Curve key and original payload into a
table and add 1 integrated Space Filling Curve index (using Hilbert SFC). Cluster the table
on SFC index.

Measure data storage size. Query with some different sized shaped boxes. See if query time
gives different results and is in favour of one model or the other. Section 4.2 gives details.

1.5 Future work

• Keep metadata for how curve is positioned (scaling and translation of original data) inside
a table inside the database, as this information is needed for posing queries to the data.

• Web Feature Service (WFS) service interface in front of the database, so to make it possible
to connect to the database with the SFC model inside the database and a client application
not knowing anything of the model, still able to fetch parts of the data (e.g. QGIS showing
a certain geographic region with vessels at a certain time).

• Use instead of bigint (limited to storing integers with maximum 263, with e.g. 4 dimensions
this limits the maximum range to 263/4 = 32,768) a data type to be able to produce full
resolution SFC keys (e.g. varchar, bit vector).

• Implement more query geometries than only a nD-box.

• Compare different systems where SFC framework can also be implemented (e.g. Oracle
with Index Organized Table and big numbers available, Cassandra).

5



Chapter 2

AIS message loading

2.1 Transform NMEA messages to Bitvector for loading

A small Rust1 program for loading AIS messages into the PostgreSQL database by means of
COPY FROM. PostgreSQL and PostGIS need to be installed. We used PostGIS 2.4.2 installed on
PostgreSQL 10.1.

extern crate lzma;
extern crate glob;

use std :: io :: prelude ::*;
use std :: fs :: File;
use std :: io ::{ self , Read , Write };
use std :: env;
use std :: process ;
use glob :: glob;
use lzma ::{ LzmaReader , LzmaError };
use std :: collections :: HashMap ;

fn main () {

// the bit pattern that every character makes
let mut bit6 = HashMap :: new ();
bit6. insert (’0’, "000000") ;
bit6. insert (’1’, "000001") ;
// ... snipped ...
bit6. insert (’v’, "111110") ;
bit6. insert (’w’, "111111") ;

let table_nm = " rws_ais_bits ";
println !(" DROP TABLE IF EXISTS {};" , table_nm );
println !(" CREATE TABLE {}( ts timestamp with time zone , payload bit varying )

WITH OIDS ;", table_nm );
println !(" COPY {}(ts , payload ) FROM STDIN DELIMITER ’\t ’;" , table_nm );

let mut ct = 0;
let pattern = "*. xz ";
let dir = "/ var/tmp/ais/ nmea_2016 /";
let together = & format !("{}{}" , dir , pattern );
for entry in glob( together ). unwrap () {

let mut ict = 0;
match entry {

Ok(path) => {
let f = File :: open(path). unwrap ();
let mut reader = LzmaReader :: new_decompressor (f). unwrap ();
let mut s = String :: new ();
reader . read_to_string (& mut s). unwrap ();
for line in s. lines () {

let splitted = line. split (" ,");
let tmp: Vec <&str > = splitted . collect ();

1https://www.rust-lang.org/
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let first_char = tmp [5]. chars ().next ();
if ( first_char == Some (’1’) || first_char == Some (’2’) ||

first_char == Some (’3’)) && tmp [5]. len () == 28 {
let mut outcome :Vec <&str > = Vec :: new ();
for ch in tmp [5]. chars () {

let value = bit6.get (& ch);
match value {

Some(x) => outcome .push(x),
_ => {}

}
}
println !("{} Z\t{}" , tmp [7] , outcome .join (""));

}
ict += 1;

}
},
// if the path matched but was unreadable ,
// thereby preventing its contents from matching
Err(e) => panic !("{:?}" , e),

}
ct += ict;

}
println !("\\.") ;

}

2.2 Functions for obtaining message fields

-- Message type as integer
--------------------------------------------------------------------------------
CREATE OR REPLACE FUNCTION ais_type ( payload bit varying ) RETURNS integer AS $$

BEGIN
RETURN substring ( payload from 1 for 6) :: integer ;

END;
$$ LANGUAGE plpgsql
IMMUTABLE
;

-- MMSI number as integer
--------------------------------------------------------------------------------
CREATE OR REPLACE FUNCTION ais_mmsi ( payload bit varying ) RETURNS integer AS $$

BEGIN
RETURN substring ( payload from 9 for 30) :: integer ;

END;
$$ LANGUAGE plpgsql
IMMUTABLE
;

-- Functions that deal with geometry
--------------------------------------------------------------------------------
-- Note , 1 more bit for Easting (as -90 +90 is smaller than -180 +180)

DROP FUNCTION ais_easting (bit varying ) CASCADE ;
DROP FUNCTION ais_northing (bit varying ) CASCADE ;
DROP FUNCTION ais_point ( payload bit varying ) CASCADE ;

-- Northing / Latitude / Y
CREATE OR REPLACE FUNCTION ais_northing ( payload bit varying ) RETURNS real AS $$

DECLARE
result integer ;

BEGIN
result := substring ( payload from 90 for 27) :: integer ;
IF ( result & 67108864) > 0 THEN -- pow (2, 27 -1) :: integer

-- negative
result := -(134217728 - result ); -- 2**27

END IF;
RETURN round ( result / 600000.0 , 5);

END;
$$ LANGUAGE plpgsql
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IMMUTABLE
;

-- Easting / Longitude / X
CREATE OR REPLACE FUNCTION ais_easting ( payload bit varying ) RETURNS real AS $$

DECLARE
result integer ;

BEGIN
result := substring ( payload from 62 for 28) :: integer ;
IF ( result & 134217728) > 0 THEN -- pow (2, 28 -1) :: integer

-- negative
result := -(268435456 - result ); -- 2**28

END IF;
RETURN round ( result / 600000.0 , 5);

END;

$$ LANGUAGE plpgsql
IMMUTABLE
;

-- Both N+E, combined in PostGIS point type (for OGC Simple Feature Access )
CREATE OR REPLACE FUNCTION ais_point ( payload bit varying )
RETURNS geometry (Point , 4326) AS $$

BEGIN
RETURN st_setsrid ( st_makepoint ( ais_easting ( payload ),

ais_northing ( payload )),
4326) :: geometry (Point , 4326) ;

END;
$$ LANGUAGE plpgsql
IMMUTABLE
;

2.3 Making functional indexes on the messages

\ timing on

-- functional index on mmsi
--------------------------------------------------------------------------------
CREATE INDEX

i__rws_ais_bits__ais_mmsi
ON

rws_ais_bits ( ais_mmsi ( payload ))
TABLESPACE

indx
;

-- functional index on message type
--------------------------------------------------------------------------------
CREATE INDEX

i__rws_ais_bits__ais_type
ON

rws_ais_bits ( ais_type ( payload ))
TABLESPACE

indx
;

-- index on timestamps of messages
--------------------------------------------------------------------------------
CREATE INDEX

i__rws_ais_bits__ts
ON

rws_ais_bits (ts asc)
TABLESPACE

indx
;

-- functional index on geometry
--------------------------------------------------------------------------------
CREATE INDEX

i__rws_ais_bits__geometry
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ON
rws_ais_bits

USING GIST
( ais_point ( payload ))

TABLESPACE
indx

;

-- view
--------------------------------------------------------------------------------
create view v_rws_ais_bits_geom
as
select

oid ,
ts ,
ais_mmsi ( payload ) as mmsi ,
ais_point ( payload ) as geometry

from
rws_ais_bits

;

-- what ’s the size?
--------------------------------------------------------------------------------
SELECT

pg_size_pretty (
pg_relation_size (’ rws_ais_bits ’))

;
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Chapter 3

Space Filling Curves inside DBMS

3.1 Implementation

The implementation is available at:

• https://bitbucket.org/bmmeijers/pysfc (Python library)

• https://bitbucket.org/bmmeijers/sfc-rs (Rust library)

• https://bitbucket.org/bmmeijers/sfc-rs-ffi (Python binding to Rust library)

3.2 Making Python functions available

Functions using PL/PYTHON for making Space Filling Curves inside the PostgreSQL DBMS
available.

-- Hilbert
--------------------------------------------------------------------------------
-- Encode a nD Coordinate as Hilbert value
CREATE OR REPLACE FUNCTION hencode (arr integer [])

RETURNS bigint
AS $$

import sfc. hilbert
return sfc. hilbert . encode (arr)

$$ LANGUAGE plpython2u ;

-- Decode a Hilbert value as nD Coordinate
CREATE OR REPLACE FUNCTION hdecode (val bigint , dims integer )

RETURNS integer []
AS $$

import sfc. hilbert
return sfc. hilbert . decode (val , dims)

$$ LANGUAGE plpython2u ;

-- N- order
--------------------------------------------------------------------------------
-- Encode a nD Coordinate as N- order value
CREATE OR REPLACE FUNCTION nencode (arr integer [])

RETURNS bigint
AS $$

import sfc. morton_norder
return sfc. morton_norder . encode (arr)

$$ LANGUAGE plpython2u ;

-- Decode a N- order value as nD Coordinate
CREATE OR REPLACE FUNCTION ndecode (val bigint , dims integer )

RETURNS integer []
AS $$

import sfc. morton_norder
return sfc. morton_norder . decode (val , dims)
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$$ LANGUAGE plpython2u ;

-- Querying
--------------------------------------------------------------------------------
-- Create ranges for Hilbert range search (join query )
DROP FUNCTION sfc_hquery ;
CREATE OR REPLACE FUNCTION

sfc_hquery (lo integer [], hi integer [])
RETURNS

TABLE ( lower bigint , upper bigint )
AS $$

import sfc. relate
import sfc. query_hilbert
return sfc. query_hilbert . hquery ( query =sfc. relate . ndbox (lo , hi))

$$ LANGUAGE plpythonu ;

-- Create ranges for N- order range search (join query )
DROP FUNCTION sfc_nquery ;
CREATE OR REPLACE FUNCTION

sfc_nquery (lo integer [], hi integer [])
RETURNS

TABLE ( lower bigint , upper bigint )
AS $$

import sfc. relate
import sfc. query_norder
return sfc. query_norder . nquery ( query =sfc. relate . ndbox (lo , hi))

$$ LANGUAGE plpythonu ;

3.3 Creating a table with SFC values

• Table creation

create table rws_3months_sfc as select * from (

with transform_params as
(
select

sfc_transform_scale ( -180 , 180 , 0, pow (2 ,21) :: numeric ) as scale_east ,
sfc_transform_scale ( -90, 90, 0, pow (2 ,21) :: numeric ) as scale_north ,
sfc_transform_scale (

extract ( epoch from ’2016 -09 -30 23:59:59+02 ’:: timestamp with time zone)
::int ,

extract ( epoch from ’2016 -12 -31 23:59:59+02 ’:: timestamp with time zone)
::int ,

0,
pow (2 ,21) :: numeric ) as scale_time ,

-180:: numeric as translate_east ,
-90:: numeric as translate_north ,
extract ( epoch from ’2016 -09 -30 23:59:59+02 ’:: timestamp with time zone)::

numeric as translate_time
)

select
hencode (

array [
sfc_transform_dim (e, ( select translate_east from transform_params ), ( select

scale_east from transform_params ))::int ,
sfc_transform_dim (n, ( select translate_north from transform_params ), ( select

scale_north from transform_params ))::int ,
sfc_transform_dim (t, ( select translate_time from transform_params ), ( select

scale_time from transform_params )):: int
]

) as hilbert ,
ts ,
pt ,
payload
from (

select

11



extract ( epoch from ts):: numeric as t,
ais_easting ( payload ):: numeric as e,
ais_northing ( payload ):: numeric as n,
ts ,
ais_point ( payload ) as pt ,
payload
from rws_ais_bits where
ts between ’2016 -10 -01 00:00:00+02 ’:: timestamp with time zone and ’2016 -12 -31

23:59:00+02 ’:: timestamp with time zone
and
ais_easting ( payload ) between -180 and 180
and
ais_northing ( payload ) between -90 and 90

) staging

) data
;

• Indexing

create index i__rws_3months_sfc__hilbert on rws_3months_sfc ( hilbert ) tablespace
indx;

• Cluster + analyze on the table

cluster rws_3months_sfc using i__rws_3months_sfc__hilbert ;
vacuum analyze rws_3months_sfc ;

3.4 Querying

• Making a query

select * from (
with transform_params as (

select
sfc_transform_scale ( -180 , 180 , 0, pow (2 ,21) :: numeric ) as scale_east ,
sfc_transform_scale ( -90, 90, 0, pow (2 ,21) :: numeric ) as scale_north ,
sfc_transform_scale (1475272799 , 1483225200 , 0, pow (2 ,21) :: numeric ) as

scale_time ,
-180 as translate_east ,
-90 as translate_north ,
1475272799.0 as translate_time )

select d.* from sfc_hquery (
array [

floor ( sfc_transform_dim (3, ( select translate_east from
transform_params ), ( select scale_east from transform_params )))::
int ,

floor ( sfc_transform_dim (51 , ( select translate_north from
transform_params ), ( select scale_north from transform_params )))::
int ,

floor ( sfc_transform_dim ( extract ( epoch from ’2016 -09 -30 23:59:59+02 ’::
timestamp with time zone)::int , ( select translate_time from
transform_params ), ( select scale_time from transform_params )))::
int

],
array [

ceil( sfc_transform_dim (4, ( select translate_east from
transform_params ), ( select scale_east from transform_params )))::
int ,

ceil( sfc_transform_dim (52 , ( select translate_north from
transform_params ), ( select scale_north from transform_params )))::
int ,

ceil( sfc_transform_dim ( extract ( epoch from ’2016 -10 -01 23:59:59+02 ’::
timestamp with time zone)::int , ( select translate_time from
transform_params ), ( select scale_time from transform_params )))::
int
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],
14 -- how deep to descend

) as r,
rws_1day d
where d. hilbert >= r. lower and d. hilbert < r. upper
)
as result ;

13



Chapter 4

Presentations

4.1 Plan

Presentation giving an overview of the planned research.
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4.2 Results

Presentation giving an overview of the research result.
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