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An introduction to R
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• R can be regarded as an implementation of the S language
which was developed at Bell Laboratories by Rick Becker, John
Chambers and Allan Wilks, and also forms the basis of the S-
Plus systems (commercial licence).

• R is available as Free Software under the terms of the Free
Software Foundation’s GNU General Public License in source
code form. It compiles and runs on a wide variety of UNIX
platforms and similar systems (including FreeBSD and Linux),
Windows and MacOS.

http://www.gnu.org/
https://www.r-project.org/COPYING
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An introduction to R

R is an integrated suite of software facilities for data manipulation,
calculation and graphical display. Among other things it has:

• an effective data handling and storage facility

• a suite of operators for calculations on arrays, in particular matrices

• a large, coherent, integrated collection of intermediate tools for data 
analysis,

• graphical facilities for data analysis and display either directly at the 
computer or on hardcopy

• simple and effective programming language which includes 
conditionals, loops, user defined recursive functions and input and 
output facilities. 
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An introduction to R

• Free software environment 

• Mathematical function and graphic module embedded

• R is functional programming language

• R is an interpreted language

• R is object oriented language

http://cran.r-project.org/src/base/

http://cran.r-project.org/src/base/
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• R is very much a vehicle for newly developing methods of interactive 
data analysis. It has developed rapidly, and has been extended by a 
large collection of packages.

• However, most programs written in R are essentially ephemeral, 
written for a single piece of data analysis.

• All R functions and datasets are stored in packages. Only when a 
package is loaded, then its contents is available. This is done for 
efficiency (the full list would take more memory).

• The process of developing packages is described by formalized 
procedure.

An introduction to R: packages
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• The standard (or base) packages are considered part of the R 
source code. They contain the basic functions that allow R to 
work, and the datasets and standard statistical and graphical 
functions. They should be automatically available in any R 
installation. 

• There exist a lot of dedicated packages regarding, for example, 
Data Import/Export, Data Mining, Linear and non-linear 
modelling, Time-Series Analysis, Classification models, Clustering 
procedures, Machine Learning, etc.

DISIT Lab (DINFO UNIFI) 7

An introduction to R: packages
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An introduction to R: R Datasets Package
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An introduction to R: packages

• All packages have rich documentation:
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An introduction to R: packages

• All packages have rich documentation:
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An introduction to R: Rstudio

• The most convenient way to use R is at a graphics workstation 
running a windowing system

• Rstudio: Take control of your code

• RStudio is an integrated development environment (IDE) for R. It 
includes a console, syntax-highlighting editor that supports direct 
code execution, as well as tools for plotting, history, debugging 
and workspace management.

• RStudio is available in open source and commercial editions and 
runs on the desktop (Windows, Mac, and Linux) or in a browser 
connected to RStudio Server or RStudio Server Pro 
(Debian/Ubuntu, RedHat/CentOS, and SUSE Linux).

DISIT Lab (DINFO UNIFI) 11
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An introduction to R: Rstudio
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Rstudio Desktop
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Rstudio Server

DISIT Lab (DINFO UNIFI) 14
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Rstudio: graphical interface

DISIT Lab (DINFO UNIFI) 15
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An introduction to R: powerful calculator
➢ mtcars: popular data set for examples

DISIT Lab (DINFO UNIFI) 16

Always look at 
what exactly the 
data set contains!
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An introduction to R: powerful calculator

➢ First look at the data : Summarizing statistics

DISIT Lab (DINFO UNIFI) 17
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An introduction to R: powerful calculator
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➢ Histograms
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An introduction to R: powerful calculator
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➢Scatterplot: pairwise relationships

Setting panel=panel.smooth
helps to understand the form of 
the relationship
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An introduction to R: powerful calculator
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➢ Perspective Plot and Contour Plot
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An introduction to R: List

• An R list is an object consisting of an ordered collection of objects 
known as its components.

• There is no particular need for the components to be of the same 
mode or type, and, for example, a list could consist of a numeric 
vector, a logical value, a matrix, a complex vector, a character 
array, a function, and so on.

• Components are always numbered and may always be referred to 
as such.

DISIT Lab (DINFO UNIFI) 21
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An introduction to R: List

• Components of lists may also be named, and in this case the 
component may be referred to either by giving the component 
name as a character string in place of the number in double 
square brackets, or, more conveniently, by giving an expression of 
the form

> name$component_name

DISIT Lab (DINFO UNIFI) 22
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R interface to…
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R interface to…
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R interface to…
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R interface to…
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An introduction to TensorFlow

• TensorFlow is an open source software library for numerical 
computation using data flow graphs. 

• Nodes in the graph represent mathematical operations, while the 
graph edges represent the multidimensional data arrays (tensors) 
communicated between them. 

• The flexible architecture allows you to deploy computation to one 
or more CPUs or GPUs in a desktop, server, or mobile device with 
a single API. 

DISIT Lab (DINFO UNIFI) 27
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An introduction to TensorFlow

• TensorFlow was originally developed by researchers and 
engineers working on the Google Brain Team within Google's 
Machine Intelligence research organization for the purposes of 
conducting machine learning and deep neural networks research, 
but the system is general enough to be applicable in a wide 
variety of other domains as well.

• Tensorflow is one of the widely used libraries for implementing 
algorithms involving large number of mathematical operations.

• A detailed guide can be found in  www.tensorflow.org/guide

DISIT Lab (DINFO UNIFI) 28
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DataFlow Graph (v1)

• TensorFlow uses a dataflow graph to represent your computation 
in terms of the dependencies between individual operations. 
Then it is necessary to create a TensorFlow session to run parts of 
the graph across a set of local and remote devices.

• DataFlow is a common programming model for parallel 
computing. In a dataflow graph, the nodes represent units of 
computation, and the edges represent the data consumed or 
produced by a computation.

DISIT Lab (DINFO UNIFI) 29
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DataFlow Graph (v1)

• Dataflow has several advantages that TensorFlow leverages when 
executing your programs:

– Parallelism. By using explicit edges to represent dependencies between 
operations, it is easy for the system to identify operations that can 
execute in parallel.

– Distributed execution. By using explicit edges to represent the values 
that flow between operations, it is possible for TensorFlow to partition 
your program across multiple devices (CPUs, GPUs, and TPUs) attached 
to different machines. TensorFlow inserts the necessary communication 
and coordination between devices.

DISIT Lab (DINFO UNIFI) 30
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Tensors

• TensorFlow, as the name indicates, is a framework to define and 
run computations involving tensors. A tensor is a generalization 
of vectors and matrices to potentially higher dimensions. 
Internally, TensorFlow represents tensors as n-dimensional arrays 
of base datatypes.

DISIT Lab (DINFO UNIFI) 31
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Tensors

• In particular, Tensor is a general name of multi-way array data. 
For example, 1d-tensor is a vector,  2d-tensor is a matrix and 3d-is 
a cube. We can image 4d-tensor as a vector of cubes, 5d-tensor is 
a matrix of cubes and 6d-tensor is a cube of cubes

DISIT Lab (DINFO UNIFI) 32
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Tensors (v1)

• When writing a TensorFlow program, the main object you 
manipulate and pass around is the tf.Tensor (in R . -> $).

• A tf.Tensor has (necessarily) the following properties:

– a data type (float32, int32, ecc.)

– a shape

• TensorFlow programs work by first building a graph of tf.Tensor

detailing how each tensor is computed based on the other 
available tensors and then by running parts of this graph to 
achieve the desired results.

• Then, a tf.Tensor object represents a partially defined 
computation that will eventually produce a value.

DISIT Lab (DINFO UNIFI) 33
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Tensors (v1)

• Some types of tensors are special, the main are:
– tf.Variable

– tf.constant

– tf.placeholder

• In general, with the exception of tf.Variable, the value of a tensor 
is immutable, which means that in the context of a single 
execution tensors only have a single value.

• Each element in the Tensor has the same data type, and the data 
type is always known. The shape (that is, the number of 
dimensions it has and the size of each dimension) might be only 
partially known. Most operations produce tensors of fully-known 
shapes if the shapes of their inputs are also fully known.

DISIT Lab (DINFO UNIFI) 34
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Variables (v1)

• A TensorFlow variable is the best way to manipulate your 
program.

• Before you can use a variable in a session run, it must be 
initialized and they have to be explicitly initialized.

• To initialize all trainable variables in one go, before training starts, 
call tf$global_variables_initializer()

• Just like any other TensorFlow operation, you can place variables 
on particular devices (in the case of more than one Graphic 
Devices) 

DISIT Lab (DINFO UNIFI) 35
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Variables

• For example in the following case it is possible to set the session 
run on the GPU:0 by means tf$device('/gpu:0')

DISIT Lab (DINFO UNIFI) 36
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Session Run (v1)

• TensorFlow uses the tf$Session class to represent a connection 
between the client program (typically a Python program, 
although a similar interface is available in other languages, as R in 
this case) and the C++ runtime. 

• A tf$Session object provides access to devices in the local 
machine, and remote devices using the distributed TensorFlow 
runtime.

• After the runtime, a tf$Session object have to be closed to free 
the resoures.  

DISIT Lab (DINFO UNIFI) 37
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TensorBoard: Graph Visualization

DISIT Lab (DINFO UNIFI) 38

• Often, TensorFlow computation graphs are powerful but 
complicated. The graph visualization can help you understand 
and debug them.
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Effective TensorFlow 2.0

• There are multiple changes in TensorFlow 2.0 to make TensorFlow 
users more productive. TensorFlow 2.0 removes redundant APIs, 
makes APIs more consistent, and better integrates with the 
Python runtime execution.

• TensorFlow’s execution evaluates operations immediately, 
without building graphs: operations return concrete values 
instead of constructing a computational graph to run later. 

• This makes it easy to get started with TensorFlow and debug 
models.

DISIT Lab (DINFO UNIFI) 39
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Effective TensorFlow 2.0

• No more globals. TensorFlow 1.X relied heavily on implicitly 
global namespaces. Variable scopes, global collections, variable
initializer are implicity computing in TensorFlow 2.0 

• Functions, not sessions.

• It is still possible to run 1.X code, unmodified in 2.0 (exceptions)

DISIT Lab (DINFO UNIFI) 40
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Effective TensorFlow 2.0
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TensorFlow 1.x code TensorFlow 2.0 code



DISIT Lab, Distributed Data Intelligence and Technologies

Distributed Systems and Internet Technologies

Department of Information Engineering (DINFO)

http://www.disit.dinfo.unifi.it

R and TensorFlow: comparison

• Example: A simple dynamic model

𝑿 𝑡+1 = 𝛼𝑿 𝑡 + 𝜺 ,  with 

𝑿0 = (𝑥1, . . . , 𝑥𝑛) I.C.
𝛼, 𝜺 > 𝟎

DISIT Lab (DINFO UNIFI) 42

R

TF
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R and TensorFlow: comparison

• Method of successive approximations:

Suppose 𝛼, 𝜺 < 𝟏

𝑿1 = 𝛼𝑿0 + 𝜺

𝑿2 = 𝛼𝑿1 + 𝜺 = 𝛼 𝛼𝑿0 + 𝜺 + 𝜺 = 𝛼𝟐𝑿0+ 𝛼 𝜺+ 𝜺

𝑿3 = 𝛼𝟑𝑿0+𝛼𝟐𝜺 + 𝛼 𝜺+ 𝜺

.

.

𝑿𝑘 = 𝛼𝒌 𝑿0+ σ𝑖=0
𝑘−1𝛼𝑖 𝜺 = 𝛼𝒌 𝑿0 + 𝜺

(𝟏−𝛼𝑘)

𝟏−𝛼
≃

𝜺

𝟏−𝛼

DISIT Lab (DINFO UNIFI) 43
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Welcome 
to 

the traffic flow reconstruction
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Welcome to the 

Traffic Flow Reconstruction
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Features
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Target

• Starting from fixed traffic sensors scattered in the city, our scope 
is the prediction/reconstruction of the real-time vehicular traffic 
density in the whole urban network.

DISIT Lab (DINFO UNIFI) 47



DISIT Lab, Distributed Data Intelligence and Technologies

Distributed Systems and Internet Technologies

Department of Information Engineering (DINFO)

http://www.disit.dinfo.unifi.it

Ingestion process

• Given a generic geographic area of observation, an ingestion 
process is needed in the Km4city Knowledge Base to import both 
the detailed real street paths and the sensors data placed in the 
selected area

• The traffic data from stationary sensors in a municipality (spire 
road sensors and cameras) give the state of the traffic counting 
the number of vehicles which pass through the supervised area 
and the data are simultaneously uploaded 10 minutes.

DISIT Lab (DINFO UNIFI) 48
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Open Street map
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• OpenStreetMap powers map data on 
thousands of web sites, mobile apps, 
and HW devices.

• It is built by a community of mappers 
that contribute and maintain data about 
roads, trails, cafés, railway stations, and 
much more, all over the world.

• It provides open data: you are free to 
use it for any purpose as long as you 
credit OpenStreetMap and its 
contributors. 

• OSM data is stored in a RDB, and then 
transformed and stored in a triplestore, 
based on a mapping of the OSM data 
model to the Km4City Ontology street 
graph modelling. 
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Data from OSM
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Sensors and detections
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• Traffic Sensors static information (identifier, geolocation, 
street address, technical specifications…) and the traffic flow 
detections (sensor, timestamp, detected traffic flow, 
estimated speed…) all come from publicly available Open 
Data.

• They are managed through ETL processes, and stored in a No-
SQL database.

• The traffic reconstruction model implementation accesses 
those data through dedicated APIs. Traffic flows are read 
every 10 minutes, the refresh frequency of the traffic sensors.
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Mathematical model

• The traffic sensor detections are interpreted as sources of traffic 
leading into the outcoming roads of the nodes where sensors are 
located.

• We consider a mathematical model for fluid dynamic flows on 
networks which is based on conservation laws.

• Road network is studied as a directed graph composed by arcs 
that meet at some nodes, corresponding to junctions.
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Mathematical model

• We deal with the fluid-dynamic models which can be seen as a 
macroscopic model which allows to observe the network in the time 
evolution through waves formation.

• In a single road, this nonlinear model is based on the conservation of 
cars described by the following scalar hyperbolic conservation law (1)

𝜕𝜌(𝑡, 𝑥)

𝜕𝑡
+
𝜕𝑓 𝜌 𝑡, 𝑥

𝜕𝑥
= 0

𝜌 𝑡, 𝑎 = 𝜌𝑎(𝑡) and 𝜌 𝑡, 𝑏 = 𝜌𝑏(𝑡)

𝜌 0, 𝑥 = 𝜌0(𝑥).

DISIT Lab (DINFO UNIFI) 54
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Mathematical model

• 𝜌 𝑡, 𝑥 denotes the car density which admits values from 0 to 
𝜌max, where 𝜌max > 0 is the maximal vehicular density on the road. 

• The function 𝑓 𝜌(𝑡, 𝑥) is the vehicular flux which is defined as 
the product 𝜌 𝑡, 𝑥 𝑣 𝑡, 𝑥 , where 𝑣 𝑡, 𝑥 is the local speed of the 
cars.

• As usually it happens, in the case of first order approximation, if 
we assume that 𝑣 𝑡, 𝑥 is a decreasing function, only depending 
on the density, then the corresponding flux is a concave function
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Fundamental diagram

• We consider the local cars’ speed as 𝑣 𝜌 = 𝑣𝑚𝑎𝑥(1 −
𝜌

𝜌𝑚𝑎𝑥
)

obtaining that 𝑓 𝜌 = 𝑣𝑚𝑎𝑥 1 −
𝜌

𝜌𝑚𝑎𝑥
𝜌, where 𝑣𝑚𝑎𝑥 is the 

limit speed
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Fundamental diagram: data analysis
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Discretization scheme
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The following discretization and simplification of the model is 
operated:

• Each road is partitioned in segments Δx long.

• The time is partitioned in intervals Δt long.

• Denote (ℎ,𝑚) a bounded time-space region (cell) of duration ℎ
and length 𝑚. Let 𝑢𝑚

ℎ = 𝑢 𝑡ℎ, 𝑥𝑚 = 𝑢(h𝛥𝑡,𝑚𝛥𝑥) be a 
continuous function defined on (ℎ,𝑚). Denote F the numerical 
flux. Then, the vehicular density results from: 

𝑢𝑚
ℎ+1 = 𝑢𝑚

ℎ −
𝛥𝑡

𝛥𝑥
𝐹 𝑢𝑚

ℎ , 𝑢𝑚+1
ℎ − 𝐹 𝑢𝑚−1

ℎ , 𝑢𝑚
ℎ
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Sensors’ measurements

• The measured data sensor is interpreted as the source of traffic 
leading into the outcoming roads of the considered junction.

• suppose to assign a condition at the incoming boundary for 𝑥 = 0
as 𝜌 𝑡, 0 = 𝜌𝑏

𝑖𝑛𝑐(𝑡).

• we proceed by inserting an “incoming ghost cell” and the 
discretization becomes

𝑢0
ℎ+1 = 𝑢0

ℎ −
𝛥𝑡

𝛥𝑥
𝐹 𝑢0

ℎ, 𝑢1
ℎ − 𝐹 𝑣(𝑖𝑛𝑐)

ℎ , 𝑢0
ℎ

where 

𝑣(𝑖𝑛𝑐)
ℎ =

1

𝛥𝑡
𝑡ℎ
𝑡ℎ+1𝜌𝑏

𝑖𝑛𝑐(𝑡) 𝑑𝑡

• replaces the “ghost value” 𝑢−1
ℎ
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Flow conservation

• The assessment has been performed verifying in real-time the
conservation of the flow in the area. Figure reports the real-time
dashboard for controlling the conservation of flow

https://www.snap4city.org/dashboardSmartCity/view/index.php?iddasboard=MTc2MQ==
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Fluid Dynamics Approach

Phisical Principle of Narrowing in roads
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Numerical meaning
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Application of the model

• For each time slot t, each traffic sensor detection is interpreted as 
a source of traffic that leads into the segments of road that origin 
from the node where the sensor is located that has produced the 
data.

• The vehicular traffic flow is propagated in the network according 
to the fluid dynamic model in (1).

• The distribution of the traffic at crossroads is governed by a 
Traffic Distribution Matrix whose coefficients are based on the 
weights of the segments of roads that make the crossroad.
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Traffic distribution on a junction

DISIT Lab (DINFO UNIFI) 64



DISIT Lab, Distributed Data Intelligence and Technologies

Distributed Systems and Internet Technologies

Department of Information Engineering (DINFO)

http://www.disit.dinfo.unifi.it

Fluid Dynamics of a junction
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Junction distribution learning
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Junction distribution learning
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Junction distribution learning
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Junction distribution learning
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Weight initialization

Weights are initialized based on the following:

• Road type: motorway, trunk, primary, secondary, tertiary, 
unclassified, residential, service;

• Lanes: how many lanes are drawn on the asphalt, also 
considering possible restrictions (e.g. lanes reserved to public 
transport);

• Traffic restrictions: examples are mandatory/forbidden directions 
at crossroads, speed limits, limited traffic zones.
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Stochastic learning

It has been observed that:

• The way how vehicles distribute at crossroads varies depending 
of the day of the week, and of the time of the day;

• A random variation of some weights is very likely to lead to an 
improved accuracy;

• If no improvements are achieved after n attempts, it is 
reasonable to move anyway to the best of the last n configs.

An offline process is run, based on the above, that leads to time-
based weight adjustments, aimed at an improved accuracy.
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Stochastic learning
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Validation approach

• Let the error at a sensor at a given time t be the percentage 
error computed removing a given sensor from the inputs and 
comparing the traffic flow reconstructed at the sensor with the 
traffic flow detected by the sensor, at the given time.

• Let the system error over a time period T be the average of the 
system errors computed over all the traffic sensors and all the 
times t ∈ T.

The system error has been computed to be the 30% about.
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Validation approach
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Error analysis

• A deeper analysis of the results to be achieved by the solution we
presented can be obtained by assessing the resulted traffic flow
reconstruction during the real-time execution in order to understand:

• Identification of the most suitable number of iterations H,

• Solution accuracy,

• If the error in reconstruction depends on structural parameters of the
urban network.
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Error analysis

• The accuracy of the solution primarily depends on the number of
iterations H which are applied to the execution.

• This is performed by computing the solution which excludes data from
each different sensor (all of them), so as to estimate the deviation from
the calculated traffic density 𝜌𝑐(𝑡) in the road where the selected
sensor is located, with respect to the density 𝜌𝑀(𝑡) measured by the
sensor, for each time 𝑡.

• At a given location the RMSE is estimated as
𝛴𝑡=1
𝑇 𝜌𝑐(𝑡)−𝜌𝑀(𝑡) ^2

𝑇
,

where T is the total number of observations

• At each iteration the RMSE for each sensor has been measured and
also the so-called system RMSE, which is the average value of the
measured RMSE of all the sensors.
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Error analysis

• The RMSE trends with respect to the iterations number H in the traffic
flow reconstruction are shown.

• The average RMSE trend of the internal sensors is represented by the
blue line, the average RMSE trend of the external sensors is
represented by the orange line.

• In grey is reported the System RMSE having its minimum when H=250.
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Error analysis

• The distribution of RMSE in the whole set of traffic sensor road
segments is reported for H=250

• Please note that the 90% of the total number of points co-located on
actual sensors have an RMSE value less than 0.5 (vehicles per 20
meters).
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Error analysis

• Since traffic congestion in the city is typically related to the city
incoming/outcoming flow according to the working activities of
citizens, then also the RMSE value is affected to such behavior in the
day.
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Error analysis

• The RMSE is an absolute error measure with respect to the traffic
density.

• The ratio from the RMSE and the traffic density (actual values) is almost
constant in fact it can be regarded an approximated straight line.
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Error analysis

• The RMSE has a certain non-uniform distribution and a clear
dependency on traffic volume.

• The error behavior is related to the topological characteristics of the
road network.

• The error behavior of sensors are related to two topological features:
betweenness and eccentricity.

• The vertex betweenness represents the degree to which nodes stand
between each other and it measures the extent to which a vertex lies
on paths between other vertices.

• The vertex eccentricity is defined as the shortest path distance a given
vertex has from the farthest other node in the graph.
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Error analysis

• In orange the node having the maximum betweenness value, while in
green the node having the maximum eccentricity value. The main
restricted traffic zone is depicted in the center of the city in grey.
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Error analysis

• A multilinear regression model has been conceived to verify the
presence of an effective relationship between the RMSE and the
topological metrics.

• Results:

• The identified model is 𝑌𝑖 = 𝛽𝑥𝑖+ 𝛾𝑧𝑖 where 𝑌𝑖, 𝑥𝑖, 𝑧𝑖 are the RMSE,
betweenness and eccentricity, respectively
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Coefficient Estimate Std. Error t-value p-value
betweenness 𝛽 0.80224 0.13097 6.125 < 0.05
eccentricity 𝛾 0.23256 0.02657 8.752 < 0.05
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Error analysis• Publication:
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Displaying results

• Segments of road are categorized based on the road type and the 
number of lanes. 

• Segments of each category that have one at least of the extremities 
that coincide with a traffic sensor, are used for determining the range 
of the traffic flows that can be observed on the specific category of 
segments.

• For each segment category, the range is partitioned into four 
subranges, that correspond to the four colors that you can find on the 
map.

• The reconstruction is presented to users through colored lines traced 
over the road paths on the city map.

• The date and time when the most up-to-date values from the sensors 
have been acquired can also be seen at the top-right corner of the map.

DISIT Lab (DINFO UNIFI) 85



DISIT Lab, Distributed Data Intelligence and Technologies

Distributed Systems and Internet Technologies

Department of Information Engineering (DINFO)

http://www.disit.dinfo.unifi.it

Displaying results
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Displaying results: on dashboard
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Data structure in real-time computing

• A network area of Florence consisting of 173 data sensors (  ), 
1532 junctions and 1377 road-segments giving the estimation of 
the vehicular density in 31217 road-units having length 20/30 
meters is considered to test the model

• Parallel computing of road-units by 1d-tensor (complex indexing)

• Parallel computing of junctions by 3d-tensor

• Each update of the sensors is every 10 minutes.
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Graphical idea of real-time computing
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Data structure in Stochastic Learning 

• The Graph structure is repeated for about 60 removed sensors
obtaing a concatenated data structure having about 2.000.000 
road-units computed in parallel. 
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General Approach

DISIT Lab (DINFO UNIFI) 91

• More cities: 
https://www.snap4city.org/dashboardSmartCity/view/index.php?iddasboard=MTc5NQ==
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Traffic reconstruction: Application
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• Create input for pollution dispersion models:

https://www.snap4city.org/dashboardSmartCity/view/index.php?iddasboard=MTUzMg==
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