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1
IDENTIFYING IP TRAFFIC FROM
MULTIPLE HOSTS BEHIND A NETWORK
ADDRESS TRANSLATION DEVICE

BACKGROUND OF THE INVENTION

Network Address Translation (NAT) is the process of
modifying IP address information in network traffic (e.g.,
1Pv4 traffic) headers while in transit across a traffic routing
device. NAT became a popular tool for alleviating the
consequences of IPv4 address exhaustion. It has become a
common feature in routers for home and small-office Inter-
net connections.

SUMMARY

In general, in one aspect, the present invention relates to
a method for profiling network traffic of a network. The
method includes capturing, from the network traffic using a
packet capturing device, a plurality of packets, identifying a
first portion of the plurality of packets as a first flow and a
second portion of the plurality of packets as a second flow,
wherein the first flow and the second flow are identified
based at least on a common source IP address shared by each
packet of the first flow and the second flow, wherein said
each packet is assigned a source timestamp by a device
generating said each packet and further assigned a capture
timestamp by the packet capturing device, extracting, by a
processor of a computer system and from the first flow, a first
monotonic timestamp-pair (MTSP) sequence, wherein the
first MTSP sequence comprises a first plurality of source-
timestamp-and-capture-timestamp-pairs based on the source
timestamp and the capture timestamp assigned to said each
packet in the first portion of the plurality of packets, extract-
ing, by the processor and from the second flow, a second
MTSP sequence, wherein the second MTSP sequence com-
prises a second plurality of source-timestamp-and-capture-
timestamp-pairs based on the source timestamp and the
capture timestamp assigned to said each packet in the second
portion of the plurality of packets, comparing, by the pro-
cessor and based on a pre-determined criterion, the first
MTSP sequence and the second MTSP sequence to generate
a result, and determining, based on the result, whether the
first flow and the second flow are generated by a single host
of the network.

In general, in one aspect, the present invention relates to
a system for profiling network traffic of a network. The
system includes (i) a packet capturing device configured to
capture, from the network traffic, a plurality of packets, (ii)
memory comprising instructions executable by the proces-
sor, wherein the instructions comprises (a) an acquisition
module configured to identify a first portion of the plurality
of packets as a first flow and a second portion of the plurality
of packets as a second flow, wherein the first flow and the
second flow are identified based at least on a common source
1P address shared by each packet of the first flow and the
second flow, wherein said each packet is assigned a source
timestamp by a device generating said each packet and
further assigned a capture timestamp by the packet capturing
device, (b) a monotonic sequence generator configured to
extract, from the first flow, a first monotonic timestamp-pair
(MTSP) sequence, wherein the first MTSP sequence com-
prises a first plurality of source-timestamp-and-capture-
timestamp-pairs based on the source timestamp and the
capture timestamp assigned to said each packet in the first
portion of the plurality of packets, and extract, from the
second flow, a second MTSP sequence, wherein the second
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MTSP sequence comprises a second plurality of source-
timestamp-and-capture-timestamp-pairs based on the source
timestamp and the capture timestamp assigned to said each
packet in the second portion of the plurality of packets, and
(c) a host analyzer configured to compare, based on a
pre-determined criterion, the first MTSP sequence and the
second MTSP sequence to generate a result, and determine,
based on the result, whether the first flow and the second
flow are generated by a single host of the network, and (iii)
a data repository configured to store the first MTSP
sequence, the second MTSP sequence, and the result.

In general, in one aspect, the present invention relates to
a computer readable medium storing instructions, when
executed by the computer to profile network traffic of a
network. The instructions include functionality for captur-
ing, from the network traffic using a packet capturing device,
a plurality of packets, identifying a first portion of the
plurality of packets as a first flow and a second portion of the
plurality of packets as a second flow, wherein the first flow
and the second flow are identified based at least on a
common source [P address shared by each packet of the first
flow and the second flow, wherein said each packet is
assigned a source timestamp by a device generating said
each packet and further assigned a capture timestamp by the
packet capturing device, extracting, from the first flow, a first
monotonic timestamp-pair (MTSP) sequence, wherein the
first MTSP sequence comprises a first plurality of source-
timestamp-and-capture-timestamp-pairs based on the source
timestamp and the capture timestamp assigned to said each
packet in the first portion of the plurality of packets, extract-
ing, from the second flow, a second MTSP sequence,
wherein the second MTSP sequence comprises a second
plurality of source-timestamp-and-capture-timestamp-pairs
based on the source timestamp and the capture timestamp
assigned to said each packet in the second portion of the
plurality of packets, comparing, based on a pre-determined
criterion, the first MTSP sequence and the second MTSP
sequence to generate a result, and determining, based on the
result, whether the first flow and the second flow are
generated by a single host of the network.

In general, in one aspect, the present invention relates to
a method for profiling network traffic of a network. The
method includes capturing, from the network traffic using a
packet capturing device, a plurality of packets, identifying a
first portion of the plurality of packets as a first flow and a
second portion of the plurality of packets as a second flow,
wherein the first flow and the second flow are identified
based at least on a common source IP address shared by each
packet of the first flow and the second flow, extracting, by a
processor of a computer system and from the first flow, a
plurality of values each assigned to a pre-determined pro-
tocol field in a packet in the first flow, analyzing, by the
processor, the plurality of values to determine that the
plurality of values are assigned based on a pre-determined
algorithm to the pre-determined protocol field by a device
generating the first flow, analyzing, by the processor, the
second flow to generate a result, wherein the result com-
prises a determination that the pre-determined algorithm is
not used to assign values to the pre-determined protocol field
of the second flow in a consistent manner as the first flow,
and determining, based on the result, that the first flow and
the second flow are generated by different hosts of the
network.

Other aspects and advantages of the invention will be
apparent from the following description and the appended
claims.
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BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a system block diagram according to aspects
of the invention.

FIG. 2 shows a flowchart of a method according to aspects
of the invention.

FIGS. 3.1-3.6 show various examples according to
aspects of the invention.

FIG. 4 shows a computer system according to aspects of
the invention.

DETAILED DESCRIPTION

Specific embodiments of the invention will now be
described in detail with reference to the accompanying
figures. Like elements in the various figures are denoted by
like reference numerals for consistency.

In the following detailed description of embodiments of
the invention, numerous specific details are set forth in order
to provide a more thorough understanding of the invention.
In other instances, well-known features have not been
described in detail to avoid obscuring the invention.

The web (or “World Wide Web”) is a system of inter-
linked hypertext documents (i.e., web pages) accessed via
the Internet using URLs (i.e., Universal Resource Locators)
and [P-addresses. The Internet is composed of machines
(e.g., computers or other devices with Internet access)
associated with IP-addresses for identifying and communi-
cating with each other on the Internet. The Internet, URL,
and IP-addresses are well known to those skilled in the art.
The machines composing the Internet are called endpoints
on the Internet. Internet endpoints may act as a server, a
client, or a peer in the communication activity on the
Internet. The endpoints may also be referred to as hosts (e.g.,
network hosts or Internet hosts) that host information as well
as client and/or server software. Network nodes such as
modems, printers, routers, and switches may not be consid-
ered as hosts.

Generally, a flow (or traffic stream) between two network
hosts is a series of data records (referred to as packets or data
packets) regarding the communication between the two
network hosts engaged in an Internet transaction. The Inter-
net transaction may be related to completing a task, which
may be legitimate or malicious. Each packet includes a
block of data (i.e., actual packet content, referred to as
payload) and supplemental data (referred to as header)
containing information regarding the payload. Each flow is
referred to as attached to each of the two hosts and is
uniquely defined by a 5-tuple identifier (i.e., source address,
destination address, source port, destination port, and trans-
port protocol). Specifically, each packet in a flow includes,
in its header, the 5-tuple identifier of the flow. Throughout
this disclosure, the terms “traffic flow”, “flow”, “traffic
stream” and “stream” are used interchangeably and may
refer to a complete flow or any portion thereof depending on
the context unless explicitly stated otherwise.

Further, the term “transport protocol” refers to a protocol
associated with or based on top of a transport layer of a
computer network. For example, the transport protocol may
be referred to as layer-four protocol with respect to the OSI
model (i.e., Open Systems Interconnection Reference Model
of the network architecture). Examples of layer-four proto-
cols include TCP (i.e., transmission control protocol), UDP
(i.e., user datagram protocol), etc.

Further still, the term “application” or “network applica-
tion” refers to an application associated with or based on top
of'an application layer of a computer network while the term
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4

“signature” or “packet content signature” refers to an appli-
cation layer packet content based signature. For example,
the network application may be referred to as layer-seven
application with respect to the OSI model. Examples of
layer-seven applications includes HTTP (HyperText Trans-
fer Protocol), SMTP (Simple Mail Transfer Protocol), IRC
(Internet relay chat), FTP (File Transfer Protocol), BitTor-
rent®, GTALK® (a registered trademark of Google, Inc.,
Mountain View, Calif.), MSN® (a registered trademark of
Microsoft Corporation, Redmond, Wash., etc.). Layer-seven
applications may also be referred to as layer-seven proto-
cols.

Packet capture is the act of capturing data packets cross-
ing a network. Partial packet capture may be performed to
record headers without recording the total content of corre-
sponding payloads. Deep packet capture may be performed
to capture complete network packets including packet
header and complete packet payload. Once packets in a flow,
or a portion thereof, are captured and stored, deep packet
inspection may be performed to review network packet data,
perform forensics analysis to uncover the root cause of
network problems, identify security threats, and ensure data
communications and network usage complies with outlined
policy. Throughout this disclosure, a complete network
packet including packet header and complete packet payload
may be referred to as a full payload packet while the
complete packet payload may be referred to as a full packet
payload. The term “payload” may refer to full packet
payload, partial packet payload, a collection of full/partial
packet payloads within a flow or a portion thereof, in an
interchangeable manner depending on the context unless
explicitly stated otherwise.

FIG. 1 shows a system block diagram of a system (100)
in accordance with one or more embodiments of the inven-
tion. Those skilled in the art, having the benefit of this
detailed description, will appreciate the components shown
in FIG. 1 may differ among embodiments of the invention,
and that one or more of the components may be optional.
Although specific numbers of components are shown in
FIG. 1, different number of each component may be
included. In one or more embodiments of the invention, one
or more of the components shown in FIG. 1 may be omitted,
repeated, supplemented, and/or otherwise modified from
that shown in FIG. 1. Accordingly, the specific arrangement
of components shown in FIG. 1 should not be construed as
limiting the scope of the invention.

As shown in FIG. 1, the system (100) includes a network
traffic profiling tool (120), a user system (140), and a
computer network (110). The network traffic profiling tool
(120) includes data repository (127), one or more applica-
tion interfaces (121), acquisition module (123), monotonic
sequence generator (124), and host analyzer (125). The user
system (140) includes a processor (141), a user interface
(142), and a display unit (143). The computer network (110)
may include wired and/or wireless portions of the Internet
and/or other data communications networks such as wide
area networks (WANs), local area networks (LANSs), etc.
Further, the computer network (110) includes network nodes
(e.g., server node (112), client node (113), data collectors
(114), etc.), which are devices configured with computing
and communication capabilities for executing applications
in the network (110).

As shown in FIG. 1, the server node (112) and client node
(113) communicate with each other by exchanging data
packets forming a bi-directional flow (111), which includes
two uni-directional flows (111a) and (1115) represented by
two arrows. In one or more embodiments, the server node
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(112) and the client node (113) exchange data packets in the
bi-directional flow (111) as a result of an application execut-
ing on the server node (112) and the client node (113). In this
context, the bi-directional flow (111) is referred to as being
generated by the application executing on the server node
(112) and client node (113). For example, the source IP
address in the 5-tuple of the uni-directional flow (111a) and
the destination IP address in the 5-tuple of the unit-direction
flow (1115) are both the IP address of the server node (112),
referred to as the server IP address. The destination IP
address in the 5-tuple of the uni-directional flow (111a) and
the source IP address in the 5-tuple of the unit-direction flow
(1115) are both the IP address of the client node (113),
referred to as the client IP address. The source port in the
S-tuple of the uni-directional flow (111a) and the destination
port in the 5-tuple of the unit-direction flow (1115) are both
the port of the server node (112), referred to as the server
port. The destination port in the 5-tuple of the uni-directional
flow (111a) and the port in the 5-tuple of the unit-direction
flow (1115) are both the port of the client node (113),
referred to as the client port. Further, the server port and the
transport protocol in both 5-tuples are characteristics of the
application executing on the server node (112) and the client
node (113).

In one or more embodiments, certain device(s) (e.g., data
collectors (114)) within the computer network (110) may be
configured to collect network data (e.g., bi-directional flow
(111)) for providing to the network traffic profiling tool
(120). In one or more embodiments, the data collectors (114)
are referred to as packet capturing devices. Each of these
components is described below. One of ordinary skill in the
art will appreciate that embodiments are not limited to the
configuration shown in FIG. 1.

In one or more embodiments of the invention, the network
traffic profiling tool (120) is configured to interact with the
computer network (110) using one or more of the application
interface(s) (121). The application interface(s) (121) may be
configured to receive data (e.g., bi-directional flow (111))
from the computer network (110) and/or store received data
to the data repository (127). Such network data captured
over a time period (e.g., an hour, a day, a week, etc.) is
referred to as trace or network trace. Network trace contains
network traffic data related to communications between
nodes in the computer network (110). For example, the
network trace may be captured on a routine basis using the
data collectors (114) and selectively sent to the application
interface(s) (121) from time to time to be formatted and
stored in the repository (127) for analysis. For example, the
data collectors (114) may be a packet analyzer, network
analyze, protocol analyzer, sniffer, netflow device, semantic
traffic analyzer (STA), or other types of data collection
device that intercept and log data traffic passing over the
computer network (110) or a portion thereof. In one or more
embodiments, the data collectors (114) may be deployed in
the computer network (110) by a network communication
service provider (e.g., ISP), a network security service
provider, or other business or government entities. The data
collector (114) may be configured to capture and provide
network trace to the application interface(s) (121) through
an automated process, such as through a direct feed or some
other form of automated process. Such network data may be
captured and provided on a periodic basis (e.g., hourly, daily,
weekly, etc.) or based on a trigger. For example, the trigger
may be activated automatically in response to an event in the
computer network (110) or activated manually through the
user system (140). In one or more embodiments, the data
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collectors (114) are configured and/or activated by the
network traffic profiling tool (120).

In one or more embodiments, the user system (140) is
configured to interact with a user using the user interface
(142). The user interface (142) may be configured to receive
data and/or instruction(s) from the user. The user interface
(142) may also be configured to deliver information (e.g., a
report or an alert) to the user. In addition, the user interface
(142) may be configured to send data and/or instruction(s)
to, and receive data and/or information from, the network
traffic profiling tool (120). The user may include, but is not
limited to, an individual, a group, an organization, or some
other entity having authority and/or responsibility to access
the network traffic profiling tool (120). Specifically, the
context of the term “user” here is distinct from that of a user
of the computer network (110). The user system (140) may
be, or may contain a form of, an internet-based communi-
cation device that is capable of communicating with the
application interface(s) (121) of the network traffic profiling
tool (120). Alternatively, the network traffic profiling tool
(120) may be part of the user system (140). The user system
(140) may correspond to, but is not limited to, a workstation,
a desktop computer, a laptop computer, or other user com-
puting device.

In one or more embodiments, the processor (i.e., central
processing unit (CPU)) (141) of the user system (140) is
configured to execute instructions to operate the components
of the user system (140) (e.g., the user interface (142) and
the display unit (143)).

In one or more embodiments, the user system (140) may
include a display unit (143). The display unit (143) may be
a two dimensional (2D) or a three dimensional (3D) display
configured to display information regarding the computer
network (e.g., browsing the network traffic data) or to
display intermediate and/or final results of the network
traffic profiling tool (120) (e.g., report, alert, etc.).

As shown, communication links are provided between the
network traffic profiling tool (120), the computer network
(110), and the user system (140). A variety of links may be
provided to facilitate the flow of data through the system
(100). For example, the communication links may provide
for continuous, intermittent, one-way, two-way, and/or
selective communication throughout the system (100). The
communication links may be of any type, including but not
limited to wired and wireless. In one or more embodiments,
the network traffic profiling tool (120), the user system
(140), and the communication links may be part of the
computer network (110).

In one or more embodiments, a central processing unit
(CPU, not shown) of the network traffic profiling tool (120)
is configured to execute instructions to operate the compo-
nents of the network traffic profiling tool (120). In one or
more embodiments, the memory (not shown) of the network
traffic profiling tool (120) is configured to store software
instructions for analyzing the network trace to extract fea-
tures (e.g., cells, cell groups, signature terms, etc.), gener-
ating classification signatures, and classifying new flows
captured from the network traffic to identify the
application(s) that generates the new flows. The memory
may be one of a variety of memory devices, including but
not limited to random access memory (RAM), read-only
memory (ROM), cache memory, and flash memory. The
memory may be further configured to serve as back-up
storage for information stored in the data repository (127).

The network traffic profiling tool (120) may include one
or more system computers, which may be implemented as a
server or any conventional computing system having a
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hardware processor. However, those skilled in the art will
appreciate that implementations of various technologies
described herein may be practiced in other computer system
configurations, including hypertext transfer protocol
(HTTP) servers, multiprocessor systems, microprocessor-
based or programmable consumer electronics, hand-held
devices, network personal computers, minicomputers, main-
frame computers, and the like.

In one or more embodiments, the network traffic profiling
tool (120) is configured to obtain and store data in the data
repository (127). In one or more embodiments, the data
repository (127) is a persistent storage device (or set of
devices) and is configured to receive data from the computer
network (110) using the application interface(s) (121). The
data repository (127) is also configured to deliver working
data to, and receive working data from, the acquisition
module (123), monotonic sequence generator (124), and
host analyzer (125). The data repository (127) may be a data
store (e.g., a database, a file system, one or more data
structures configured in a memory, some other medium for
storing data, or any suitable combination thereof), which
may include information (e.g., flows (130), monotonic
sequences (131), etc.) related to the network traffic profiling.
The data repository (127) may be a device internal to the
network traffic profiling tool (120). Alternatively, the data
repository (127) may be an external storage device opera-
tively connected to the network traffic profiling tool (120).

In one or more embodiments, the network traffic profiling
tool (120) is configured to interact with the user system
(140) using the application interface(s) (121). The applica-
tion interface(s) (121) may be configured to receive data
and/or instruction(s) from the user system (140). The appli-
cation interface(s) (121) may also be configured to deliver
information and/or instruction(s) to the user system (140). In
one or more embodiments, the network traffic profiling tool
(120) is configured to support various data formats provided
by the user system (140).

In one or more embodiments, the network traffic profiling
tool (120) includes the acquisition module (123) that is
configured to obtain a network trace from the computer
network (110), for example via data collectors (114). In one
or more embodiments, the acquisition module (123) works
in conjunction with the data collectors (114) to parse data
packets and collate data packets belonging to the same flow
tuple (i.e., the aforementioned 5-tuple) to form the network
trace. For example, such network trace, or information
extracted therefrom, may then be stored in the repository
(127) as flows (130), etc.

In one or more embodiments, a flow parser (e.g., acqui-
sition module (123) in conjunction with data collectors (114)
in FIG. 1) reconstructs (e.g., eliminates redundant packets,
collates packets into correct order, etc.) all the packets that
correspond to the same traffic flow (e.g., uni-directional
flows (111a), (1115)) identified by the aforementioned
S-tuple. In one or more embodiments, the flows are captured
and parsed throughout a pre-configured time interval recur-
ring on a periodic basis (e.g., every minute, hourly, daily,
etc.) or triggered in response to an event.

In one or more embodiments, the network traffic profiling
tool (120) includes the monotonic sequence generator (124)
that is configured to extract monotonic sequences (131) from
the flows (130). In one or more embodiments, each mono-
tonic sequence of the monotonic sequences (131) is
extracted from a flow in the flows (130). Specifically, a
monotonic sequence is a sequence of value pairs where each
value pair includes a capture timestamp and a particular
header field value of a packet in the flow. The term “mono-
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tonic” refers to the property of the particular header field
value that always increases or decreases with respect to the
capture timestamp. In one or more embodiments, the par-
ticular header field is a timestamp (e.g., TCP timestamp)
assigned to the packet by the device (e.g., a host) generating
the flow. In one or more embodiments, the particular header
field is the IP-Identification field whose value is assigned to
the packet by the host generating the flow.

In one or more embodiments, the monotonic sequence
generator (124) is configured to determine that a TCP
timestamp option is enabled in a particular flow of the flows
(130). Accordingly, the monotonic sequence generator (124)
extracts a monotonic timestamp-pair (MTSP) sequence from
the particular flow. Specifically, the MTSP sequence is a
sequence of source-timestamp-and-capture-timestamp-pairs
based on the source timestamp (e.g., TCP timestamp) and
the capture timestamp assigned to each packet in the par-
ticular flow. As noted above, the term “monotonic” refers to
the property of the source timestamp that always increases
or decreases with respect to the capture timestamp.

In one or more embodiments, the monotonic sequence
generator (124) is configured to determine that a TCP
timestamp option is disabled in a particular flow of the flows
(130). Accordingly, the monotonic sequence generator (124)
extracts a monotonic timestamp-ID (MTSID) sequence from
the particular flow. Specifically, the MTSID sequence is a
sequence of capture-timestamp-and-IP-ID-pairs based on
the capture timestamp and the IP-ID assigned to each packet
in the particular flow.

In one or more embodiments, the network traffic profiling
tool (120) includes the host analyzer (125) that is configured
to compare two or more monotonic sequences from the
monotonic sequences (131) based on a pre-determined cri-
terion to generate a result (e.g., part of the monotonic
sequence comparison results (132)), and to determine, based
on the result, whether the corresponding two or more flows
are generated by a single host or multiple hosts of the
network (110). For example, the two or more monotonic
sequences being compared may be MTSP sequences if their
TCP timestamp options are enabled in the corresponding
flows. In another example, the two or more monotonic
sequences being compared may be MTSID sequences if
their TCP timestamp options are disabled in the correspond-
ing flows.

Additional details of the functionalities of the monotonic
sequence generator (124) and the host analyzer (125) are
described in reference to FIG. 2 below.

Examples of using the system (100) described above to
identify flows in the network traffic that are generated by
separate hosts using the same source IP address are shown
in FIGS. 3.1-3.6 below.

FIG. 2 depicts a flowchart of a method in accordance with
one or more embodiments of the invention. In one or more
embodiments of the invention, one or more of the steps
shown in FIG. 2 may be omitted, repeated, and/or performed
in a different order. Accordingly, embodiments of the inven-
tion should not be considered limited to the specific arrange-
ments of steps shown in FIG. 2. In one or more embodiments
of the invention, the method depicted in FIG. 2 may be
practiced using system (100) described with respect to FIG.
1 above.

The flowchart shown in FIG. 2 describes a method for
profiling network traffic of a network. In particular, the
method identifies flows in the network traffic that are gen-
erated by separate hosts using the same source IP address.
For example, these separate hosts may generate these flows
via a network address translation (NAT) device.
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Initially in Step 201, a set of packets are captured from the
network traffic using a packet capturing device. In one or
more embodiments of the invention, each packet is assigned
a source timestamp by a device generating each packet and
further assigned a capture timestamp by the packet capturing
device. For example, the device may be a host in the
network. In one or more embodiments, a portion of the set
of packets is identified as a first flow, and another portion of
the set of packets is identified as a second flow. Specifically,
the first flow and the second flow are identified based at least
on a common source IP address shared by each packet of the
first flow and the second flow. Generally, the flows in the
network traffic may be identified based on a five tuple of
source [P address, destination IP address, source port, des-
tination port, and protocol. In other words, all packets in the
first flow share the same values in the five tuple of the first
flow, while all packets in the second flow share the same
values in the five tuple of the second flow. Further, the five
tuple of the first flow and the five tuple of the second flow
are distinct from each other except the aforementioned
common source [P address. For example, the five tuple of
the first flow and the five tuple of the second flow may share
the aforementioned common source IP address but may have
different destination IP addresses, source ports, destination
ports, and/or protocols. In one or more embodiments, the
source timestamp is the TCP timestamp assigned by a host
according to the TCP protocol. For example, the TCP
timestamp may be a sequential number monotonically
increased by a logic clock in the host generating the TCP
packets. Generally, the TCP timestamp is an option that may
be disabled or enabled according to the TCP protocol. The
aforementioned common source IP address may represent
the host or a NAT device that translates the IP address of the
host.

Step 202, a determination is made regarding whether the
TCP timestamp option is enabled in the first flow and the
second flow. If the determination is positive, i.e., the TCP
timestamp is enabled for both the first flow and the second
flow, the method proceeds to Step 203. If the determination
is negative, i.e., the TCP timestamp is not enabled for the
first flow and the second flow, the method proceeds to Step
210.

In Step 203, a first monotonic timestamp-pair (MTSP)
sequence is extracted from the first flow. Specifically, the
first MTSP sequence includes source-timestamp-and-cap-
ture-timestamp-pairs) based on the source timestamp and the
capture timestamp assigned to each packet of the first flow.
For example, each element (or point) in the first MTSP
sequence is a (source timestamp, capture timestamp) pair of
a packet in the first flow. Accordingly, multiple (source
timestamp, capture timestamp) pairs of multiple packets in
the first flow form the MTSP sequence according to the
monotonic values of the (source timestamp, capture time-
stamp) pairs. Similarly, a second MTSP sequence is
extracted from the second flow. Specifically, the second
MTSP sequence includes source-timestamp-and-capture-
timestamp-pairs based on the source timestamp and the
capture timestamp assigned to each packet of the second
flow.

In Step 204, a determination is made as to whether a
capture timestamp proximity condition is met. The capture
timestamp proximity condition refers to a required level of
closeness or contiguity of the capture timestamps of the first
MTSP and the capture timestamps of the second MTSP. In
one or more embodiments, the capture timestamp proximity
condition requires the range of capture timestamps of the
first MTSP and the range of capture timestamps of the

20

25

30

35

40

45

50

55

60

65

10

second MTSP overlap each other. If the determination is
positive, i.e., the required level of closeness/contiguity of the
capture timestamps of the first MTSP and the capture
timestamps of the second MTSP are met, the method pro-
ceeds to Step 205. If the determination is negative, i.e., the
capture timestamp proximity condition is not met, the
method proceeds to Step 207. In one or more embodiments,
failure to meet the capture timestamp proximity condition is
referred to as capture timestamp segregation.

In Step 205, a determination is made as to whether a
source timestamp proximity condition is met. The source
timestamp proximity condition refers to a required level of
closeness or contiguity of the source timestamps of the first
MTSP and the source timestamps of the second MTSP. In
one or more embodiments, the source timestamp proximity
condition requires the range of source timestamps of the first
MTSP and the range of source timestamps of the second
MTSP overlap each other. If the determination is positive,
i.e., the required level of closeness/contiguity of the source
timestamps of the first MTSP and the source timestamps of
the second MTSP are met, the method proceeds to Step 209
where the first flow and the second flow are merged into a
single flow. Accordingly, the first flow and the second flow
are considered to be generated by a single host. If the
determination is negative, i.e., the source timestamp prox-
imity condition is not met, the method proceeds to Step 206
where the first flow and the second flow are considered to be
generated by two separate hosts using the same source IP
address. For example, these two separate hosts may generate
the first flow and the second flow via the aforementioned
NAT device. In one or more embodiments, failure to meet
the source timestamp proximity condition is referred to as
source timestamp segregation.

In Step 207, when the first flow and the second flow do not
meet the capture timestamp proximity condition, a predicted
source timestamp range of the later of the two flows (e.g., the
second flow) is generated based on the earlier of the two
flows (e.g., the first flow). For example, the first flow may
terminate prior to any packet of the second flow is captured.
The predicted source timestamp range is a prediction of
possible values of the source timestamp for any subsequent
packet of the first flow that may be captured by the afore-
mentioned packet capturing device separate from capturing
earlier packets of the first flow. In other words, not all
packets of the first flow are combined and recognized as a
single flow by the packet capturing device or any post
processing device. In one or more embodiments, the pre-
dicted source timestamp range is generated based on the
source timestamp of a trailing timestamp pair (e.g., the last
point) in the first MTSP sequence, a capture timestamp
difference between the trailing timestamp pair in the first
MTSP sequence and a leading (e.g., the first point) time-
stamp pair in the second MTSP sequence, and a pre-
determined frequency. In one or more embodiments, the
pre-determined frequency is a common frequency used by
the hosts to generate TCP timestamps for subsequent pack-
ets.

In Step 208, a determination is made as to whether the
second MTSP matches the predicted source timestamp
range. For example, the determination may be regarding
whether the source timestamp of a leading (e.g., the first
point) timestamp pair in the second MTSP sequence is
within the predicted source timestamp range. If the deter-
mination is positive, i.e., the second MTSP matches the
predicted source timestamp range, the method proceeds to
Step 209 where the first flow and the second flow are merged
into a single flow, as described above. If the determination
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is negative, i.e., the second MTSP does not match the
predicted source timestamp range, the method proceeds to
Step 206 where the first flow and the second flow are
considered to be generated by two separate hosts using the
same source IP address, as described above.

In summary, the Steps 204, 205, 207, and 208 collectively
compare the first MTSP sequence and the second MTSP
sequence based on a pre-determined criterion to generate a
result. Further, based on the result, the steps 206 and 209
collectively determine whether the first flow and the second
flow are generated by a single host of the network. In
particular, the pre-determined criterion for the comparison is
based on the capture timestamp proximity condition, the
source timestamp proximity condition, and the predicted
source timestamp range.

Returning to the discussion of Step 202, when the deter-
mination made in Step 202 is negative, i.e., the TCP time-
stamp is not enabled for the first flow and the second flow,
the method proceeds to Step 210 where a first monotonic
timestamp-ID (MTSID) sequence is extracted from the first
flow. Specifically, the first MTSID sequence includes cap-
ture-timestamp-and-I1P-ID-pairs (e.g., (capture timestamp,
IP-ID)) based on the capture timestamp and Internet-proto-
col-identification-field value (i.e., IP-ID) assigned to each
packet of the first flow by the host generating the first flow.
For example, each element (or point) in the first MTSID
sequence is a (capture timestamp, IP-ID) pair of a packet in
the first flow. Accordingly, multiple (capture timestamp,
IP-ID) pairs of multiple packets in the first flow form the
MTSID sequence according to the monotonic values (i.e.,
monotonically increasing or decreasing values) of the (cap-
ture timestamp, IP-ID) pairs. Similarly, a second MTSID
sequence is extracted from the second flow. Specifically, the
second MTSID sequence includes capture-timestamp-and-
IP-ID-pairs based on the capture timestamp and the IP-ID
assigned to each packet of the second flow. In one or more
embodiments, if monotonic IP-ID values are not found in the
first flow and the second flow (i.e., the first MTSID sequence
and the second MTSID sequence can not be extracted from
the first flow and the second flow), another set of packets is
captured, from the network traffic using the packet capturing
device, based at least on the common source IP address
shared by each packet of the another set of packets. In one
or more embodiments, a portion of another set of packets is
identified as a third flow, and another portion of the another
set of packets is identified as a fourth flow. Accordingly, the
first MTSID sequence and the second MTSID sequence are
extracted from the third flow and the fourth flow, respec-
tively.

In Step 211, the first MTSID sequence and the second
MTSID sequence are compared based on a pre-determined
criterion to generate a result. Accordingly, based on this
result, it is determined whether the flows (e.g., the first and
second flows, or the third and fourth flows) represented by
first MTSID sequence and the second MTSID sequence are
generated by the same host.

Although Steps 210 and 211 are described based specifi-
cally on using at least the IP-ID to determine whether the
flows are generated by a single host of the network, other
monotonically increasing/decreasing field values (for
instance, some [Pv6 implementation might monotonically
increase the Flow Label field of all flows) found in packets
of a flow may also be used. Specifically, IPv6 defines “flow
label” field in the IP header. The flow label may be used to
provide special service to real-time applications special. In
one or more embodiments, the flow label is set to a non-zero
value to serve as an indication to routers and switches with
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multiple outbound paths that these packets are to stay on the
same path so that they will not be reordered. Depending on
the specific implementation of an OS (i.e., operating sys-
tem), the flow label field may be used to de-multiplex flows
generated by multiple hosts behind a NAT device. For
example, the IPv6 stack of an OS may increase the value of
a global counter by one for each new flow, and use the
counter value as the flow label of the new flow. For such an
implementation, if all the packets of a flow f; from a
particular source IP have flow label Flabel,, and packets of
a flow f, from the same source IP have flow label Flabel,,
and Flabel,=Flabel;|1 or Flabel,=Flabel,+n, where n<t,
where t is a predefined threshold, it is determined that flow
f, and f; are from the same host behind a NAT device. On
the other hand, if it is observed that another flow f; from the
source IP where the flow label value Flabel, of packets in
flow {1} is sufficiently different from Flabel, and Flabel, (e.g.,
the starting time of flow {; is later than the starting time of
flow f; and f,, but Flabel, is smaller than Flabel, and Flabel,,
the flow {5 is determined to be generated by a different host
behind that NAT device.

Moreover, although Steps 201 through 211 are described
based specifically on using at least the source timestamp and
IP-ID to determine whether the flows are generated by a
single host of the network, more generally, any protocol field
(including but not limited to the source timestamp and IP-1D
fields) found in packets of a flow may be used if the values
assigned to the protocol field are generated by the host based
on a pre-determined algorithm, such as the TCP timestamp
generation algorithm, IP-ID generation algorithm, IPv6
algorithm for generating flow labels, or other algorithm that
is currently known or may be developed in the future. In
particular, the pre-determined algorithm assigns changing
values to the packets such that the assigned values may be
used to sequence the packets in the flow. As noted above, a
first portion of captured packets may be identified as a first
flow and a second portion of the captured packets may be
identified as a second flow based at least on a common
source [P address shared by each packet of the first flow and
the second flow. Accordingly, a set of values, each assigned
to a pre-determined protocol field in a packet in the first flow,
are extracted and analyzed to determine that the set of values
are assigned based on a pre-determined algorithm to the
pre-determined protocol field by a device (e.g., the afore-
mentioned host) generating the first flow. Further, the second
flow is analyzed to determine that the pre-determined algo-
rithm is not used to assign values to the pre-determined
protocol field of the second flow in a consistent manner as
the first flow. Based on such result of analyzing the first flow
and the second flow, it is then determined that the first flow
and the second flow are generated by different hosts of the
network. In one or more embodiments, when the pre-
determined algorithm is not used to assign values to the
pre-determined protocol field of the second flow in a con-
sistent manner as the first flow, the pre-determined protocol
field may (i) contain a fixed value for all packets in the
second flow, (ii) contain random values for all packets in the
second flow, (iii) not be present (i.e., included) for any
packet in the second flow, (iv) contain values assigned based
on another pre-determined algorithm that is different than
the pre-determined algorithm used by the device generating
the first flow, or (v) contain values assigned based on the
pre-determined algorithm that is configured using different
parameters than the pre-determined algorithm used by the
device generating the first flow. In other words, if any of
these five conditions is detected, it is determined that the
pre-determined algorithm is not used to assign values to the
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pre-determined protocol field of the second flow in a con-
sistent manner as the first flow.

In an example scenario, the determination (i.e., analysis
result) that (i) a protocol field always contains the same
value in the packets of a given flow, (ii) the same protocol
field has a changing value in the packets of another flow, and
(iii) the two flows share the same source IP address may be
used to conclude that the two flows are generated by
different hosts. For example, the IP-ID field may contain the
value O (or another fixed value) in the IP header of all the
packets of a flow, while the IP-ID field may contain an
ever-changing value (e.g., increasing) in the IP header of the
packets of another flow. In this case it is concluded that the
two tflows are generated by different hosts even though the
two flows share the same source IP address. For example,
the source IP address shared by the two flows may be the IP
address of a NAT device coupled to two different hosts that
generate the two flows separately.

In another example scenario, the packets of a first flow
contain a header field that is not contained in the packet of
a second flow. For example, the TCP segments in the IP
packets of a first flow contain a TCP time-stamp option,
while the TCP segments in the packets of a second flow do
not contain a TCP time-stamp option. In this case, it is
concluded that the two flows are generated by different hosts
even though the two flows share the same source IP address.
Similar to the previous example scenario, the source IP
address shared by the two flows may be the IP address of a
NAT device coupled to two different hosts that generate the
two flows separately.

Examples of using the method described above to identify
flows in the network traffic that are generated by separate
hosts using the same source IP address are further described
in FIGS. 3.1-3.6 below.

FIGS. 3.1-3.6 show various examples in accordance with
aspects of the invention. In particular, FIGS. 3.1-3.6
described an example system, referred to as IP-Demultiplex
system that is based on the system (100) described in
reference to FIG. 1 and the method described in reference to
FIG. 2 above. In particular, the examples described in FIGS.
3.1-3.6 focus on detecting the presence of a Network
Address Translation (NAT) device, and classifying the pack-
ets from the NAT device according to which hosts behind the
NAT generating those packets.

Network Address Translation (NAT) is the process of
modifying 1P address information in IPv4 headers when
transiting across a traffic routing device. It is often used to
hide an entire IP address space, usually consisting of private
1P addresses, behind a single IP address in another (usually
public) address space. To avoid ambiguity in the handling of
returned packets, a one-to-many NAT must alter higher level
information such as TCP/UDP ports in outgoing communi-
cations and must maintain a translation table so that return
packets can be correctly translated back. The TCP timestamp
option is used for two distinct mechanisms: round trip time
measurement and protecting against wrapped sequences.
Each OS implementation increments this value at a specific
rate ranging from 1 Hz to 1000 Hz. Many operating systems
use zero as the initial value for TCP timestamp after reboot-
ing. However, Windows operating system uses a random
initial value. The “Identification” is a 16-bit field in IP
header, which is primarily used for uniquely identifying
fragments of an original IP packet. The “Identification” field
of IP packets generated in some operating systems contains
the value of a global counter that is incremented by one each
time a new packet is generated. The “Identification” field of
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IP packets generated in some other operating systems (e.g.,
Android/Linux, i0S/OSX, etc.) contains a randomly gener-
ated number.

FIG. 3.1 shows an example deployment scenario of the
IP-demultiplex system (310) generating demultiplexed IP
traffic (315). A NAT device (311) performs network trans-
lation for multiple hosts, depicted as h; (312a), h, (3125),
through h,, (312%). The packets generated from those hosts
are modified by the NAT device (311) and transmitted over
a network (313). The IP-Demultiplex system (311) is
attached to a router/switch (314) and passively sniffs packets
for analysis without interfering the packets forwarding at the
router/switch (314). The NAT device (311) may be at a
remote location from the IP-Demultiplex system (310).

FIG. 3.2 shows the basic work flow of the IP-Demultiplex
system (310) described above. The incoming IP packets
(321) are filtered using filtering mechanism performed by
the packet filter (322). Using the packet filter (322), the IP
packets (321) may be filtered to retain only the portion (i.e.,
targeted packets (322a) with IP addresses in a “blacklist,”
which may be a pre-defined set of addresses to be focused
on for detecting the presence of NAT devices and for
demultiplexing the network traffic therefrom. In block (323),
the targeted packets (322a) are grouped into flows (323q)
according to the S-tuple. In addition, each packet p in
incoming IP packets (321) and/or the targeted packets
(322a) may be assigned the real time (referred to as t,) at
which the packet p is observed by the IP-Demultiplex
system (310). For example, the real time (referred to as t,)
may be assigned by a sniffer device that captures the IP
packets (321) from the network traffic, or assigned by the
packet filter (322).

In block (324), the packet headers for each flow are
examined to select a field from a predefined set of candidate
fields for associating the flow to a host (e.g., h; (3124), h,
(3124), h,, (312n), etc.) behind the NAT device (311). In
general, the selected packet header field selected in block
(324) may be any field having a sequential value with
respect to the packet sequence in the flow. Examples of such
selected packet header field include TCP timestamp (de-
noted as TCP TS) and IP Identification (denoted as IP-ID)
fields.

TCP is a commonly used transport protocol in the Internet
and TCP timestamp option is enabled by most modern
operating systems except MICROSOFT WINDOWS®.
MICROSOFT WINDOWS® uses a global counter to gen-
erate the Identification field in the IP header of each packet.
In other words, MICROSOFT WINDOWS® uses the value
of a 16-bit counter as the IP-ID of each packet and incre-
ments the counter after each packet is generated. The
IP-Demultiplex system (310) uses the TCP TS and IP-ID
fields as the aforementioned selected packet header field. In
particular, examining the IP-ID fields is effective in demul-
tiplexing packets generated from hosts running MICRO-
SOFT WINDOWS®. In contrast, examining the TCP time-
stamp is effective in demultiplexing packets generated from
unix-like operating systems, such as Android/Linux and
10S/08X.

TABLE 1 shows the algorithm (i.e., algorithm 1) of
selecting which field in the packet header to be used for
sequence testing. When TCP timestamp is present in the
packets (i.e., present in each packet header of all packets) of
a flow f, TCP timestamp is selected for demultiplexing.
IP-ID is used when TCP timestamp is not available in the
packets of a flow f. Before using the IP-ID, it is determined
whether the IP-ID values of packets in a flow f have the
sequential property because some operating systems use
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random IP-ID for every new IP packet. Whether a flow fhas
randomized IP-ID may be determined by comparing the
order of packets generated at the source host with the IP-ID
value in each packet. For a flow f, all packets are sorted
according to some a priori knowledge on how packets
should be ordered, the IP-ID values of the ordered packets
are checked to see if it is monotonically increasing, which
indicates IP-ID values of packets in flow f are not randomly
generated.

TABLE 1

Algorithm 1: The algorithm skeleton for selecting
which field in packet header to de-mulfiplex a flow.

Input: an assembled flow f

—

if packets in f have TCP timestamp then
2 | select TCP TS for de-multiplexing
3 else if packets in f have non-random IP ID then

4 | select IP ID for de-multiplexing

5 else

6 | cannot de-multiplex flow f;

In the following discussion, each IP packet is represented
by a data point p. A data point is a 2-tuple (t,, v,,), where t,,
denotes the real time when packet p is captured by a sniffer
device, and v, is a numeric value of a specific field in the
packet header of p. A sequence S is a series of data points
ordered by their real time s={p,, p, - . - }. The data points
in a sequence have the following property:

Vp;pses, VoiSVa <= lySty, €8}

In other words, the v values of all data points (e.g., v,,; of
data point p,, v, of data point p;) in a sequence s are
monotonically increasing or monotonically decreasing. For
sequence s, let head(s) and tail(s) denote the first and the last
data point, respectively, in the sequence. Let S be a set of
sequences S={S,, S,, . . . }. Each sequence S,€S represents
a sequential pattern found in the flows generated from the
same host h,. For a flow {, the IP-Demultiplex system (310)
determines whether flow f'is from a host already detected by
the system, or f is from a new host behind the NAT device
(311). This is done by first extracting a sequence s, from
packets of flow f and testing the sequential property of s,
against all the sequences in S.

Once a field is selected in block (324), the flows (323a)
are processed by one or more demultiplexing modules (e.g.,
demultiplexing module (3254), demultiplexing module
(3255), etc.) to remove the abnormal packets from the flows
and perform the demultiplexing to generate the demultiplex-
ing results (326a), (3265), etc. The IP-Demultiplex system
(310) has multiple demultiplexing modules (e.g., demulti-
plexing module (325a), demultiplexing module (3255),
etc.), each dedicated for one selected field in packet header.
In particular, the algorithm for cleaning and demultiplexing
flows (323a) is specific to the particular selected packet
header field. For example, the demultiplexing module
(325a) may be dedicated for the TCP timestamp field. In
another example, the demultiplexing module (3256) may be
dedicated for the IP-Identification field. Additional details of
the demultiplexing module (3254) for the TCP timestamp
field and the demultiplexing module (3255) for the IP-
Identification field are described below.
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In the scenario of demultiplexing via TCP TS using the
demultiplexing module (325a), consider a flow f within the
flows (323a) where packets of flow f have the TCP time-
stamp option enabled. The IP-Demultiplex system (310) first
cleans up flow ' by removing those out-of-order packets. Let
p; and p; be two packets in flow f. If t,<t, and v,>v,,
meaning that p; is generated earlier than p, but is observed
later by IP-Demultiplex system (310), packet p; is an out-
of-order packet and excluded from the flow f to avoid
inaccuracy in later processing. The pseudo-code of an
example algorithm is shown in TABLE 2 as Algorithm 2.

TABLE 2

Algorithm 2: The algorithm skeleton for cleaning up a
flow with TCP timestamps.

Input: flow f with TCP timestamp option enabled
Output: cleaned up flow f i
1 sort packets in f on their real time t,, into flow f;

2 foreach packet p € f do

,
3 | Py = the packet next to p in f;

4 |if Vp,., <Vvp then

5 [exlude Prexe from f;

6 return f;

After cleaning up flow f'into f', the demultiplexing module
(325a) extracts a sequence s, from the flow f'. The sequence
syis a series of data points where each data point p=(t,, v,)
represents two pieces of information about a packet p in f':
t, is real time at which p is observed by the IP-Demultiplex
system (310), and v,, is the TCP TS value of packet p. Let S,
be the set of TCP TS sequences that the demultiplexing
module (325a) has learned. Initially S;¢ is empty so
sequence s,is added into the set as a new sequence, repre-
senting that a host behind the NAT device (311) is observed.
In case S is not empty, the demultiplexing module (325q)
determines whether flow fis from a host observed before, or
from a newly found host. The heuristics for making this
determination is described as the following. In the discus-
sion below regarding two sequences s, and s,, one of the
leading data point (e.g., the first data point) of the sequence
syhas the real time t,,,,, 4, and TCP TS value v, ., While
one of the trailing data point (e.g., the last data point) of
another sequence s, has the real time t,,,;, and TCP TS
value V-

If there exists a sequence S;eS 7, such that s starts before
s ends, and the TCP TS value v, 4 of the first point in s,
is within the range of the TCP TS values v, 4% a0d V700
of s, i.e.,

lhead(Sf)E[ Tnead(syy liail(sy)

and

@

then s and S, are merged into a new sequence S,'. In case
multiple such S, satisty the above equation (2) in S, the
system makes a best effort guess according to certain pre-
defined rules, such as picking the one with the least out-of-
order points is selected.

FIG. 3.3 shows an example of demultiplexing via TCP TS
using the demultiplexing module (3254a) based on equation
(2). As shown in FIG. 3.3, the demultiplexing module (3254a)
has previously learned sequence m (332) and sequence n
(333) that collectively form the set Sm. As shown in FIG.

Va ead(sf)e[ Viead(spy Veail(s, k)] >
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3.3, the sequence m (332) spans a range of approximately
0-300 seconds in packet real time along the horizontal axis
and approximately 40000-100000 in packet TCP timestamp
value along the vertical axis. Similarly, the sequence n (333)
spans a range of approximately 0-650 seconds in packet real
time along the horizontal axis and approximately 0-13000 in
packet TCP timestamp value along the vertical axis.

A sequence f(331) (i.e., s is found in a new flow f where
sequence f (331) starts before the sequence n (333) (i.e., s;)
ends. In particular, the sequence f (331) spans a range of
approximately 510-900 seconds in packet real time along the
horizontal axis and approximately 12000-20000 in packet
TCP timestamp value along the vertical axis. As shown in
FIG. 3.3, the first data point in the sequence {(331) (i.e., s
18 (Thewacsns Vaeaasn) (331a), the first data point in the
sequence n (333) (1e., 8) 15 (Typuonys Vieadssy) (3330),
while the last data point in the sequence n (333) (i.e., s;) is
(Traitesiys Y rairsny) (333b). In particular, the value T, 4. fits
into the range between T, 41, and T, corresponding to
the equation (2). Similarly, the value V., fits into the
range between V, . .o and V, ., corresponding to the
equation (2). Accordingly, the sequence f (331) and
sequence n (333) are merged based on the heuristics
described above. As a result, the flow f is considered to be
from the host that generates flows where the sequence n
(333) was previously found.

Returning to the discussion of FIG. 3.2, if s, starts later
than all sequences in S, i.e.,

3

for each s; in Sy, the demultiplexing module (325a)
makes prediction on what the TCP TS value should be at
time 1,4 The maximum possible value is predicted as

Lhead(sp™ Ihead(s;y VSe S 75

*

where 1000 Hz is the maximum frequency of TCP time-
stamp defined by the standard and commonly observed in
almost all implementations, and 8 is a small positive value
for accommodating the difference in packet transmission
delay. The minimum possible value is predicted as

TS, a=1000 (lhead(sf)_ rait(sp) Y sait(sy 05

®

In case vj, . fits into the range predicted by more than
one sequences 1 Sy, the one with the largest v, 18
selected. If a sequence S €S ;5 is selected, sequence s, is
updated by merging s into s, and flow f is considered to be
from the host that generates flows where s, is extracted.
Otherwise, flow f is considered to be from a new host and
sequence s,is added into Sy as a new sequence.

FIG. 3.4 shows an example of demultiplexing via TCP TS
using the demultiplexing module (325a) based on equations
(3), (4), and (5). As shown in FIG. 3.4, the demultiplexing
module (3254) has previously learned sequence m (342) and
sequence n (343) that collectively form the set Sm. As
shown in FIG. 3.4, the sequence m (342) spans a range of
approximately 0-300 seconds in packet real time along the
horizontal axis and approximately 40000-100000 in packet
TCP timestamp value along the vertical axis. Similarly, the
sequence n (343) spans a range of approximately 0-650
seconds in packet real time along the horizontal axis and
approximately 0-13000 in packet TCP timestamp value
along the vertical axis.

Asequence f (341) (i.e., s is found in a new flow { where
sequence f (341) starts later than all sequences (i.e.,
sequence m (342) and sequence n (343)) in Sm. In particular,
the sequence f (341) spans a range of approximately 700-
900 seconds in packet real time along the horizontal axis and

TS = MaX (Y issy Lhead(sy~ wail(spyHVraii(sy0)-
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approximately 14000-20000 in packet TCP timestamp value
along the vertical axis. The first data point in the sequence
f (341) is (Thead(sf), Vhead(sf)) (341a) where the value
Vhead(s{) fits into the range (343¢) predicted by the TSmax
(343a) and TSmin (3434) that are calculated based on the
last data point of the sequence n (343) using the equation (4)
and equation (5), respectively. Accordingly, the sequence
(341) and sequence n (343) are merged based on the
heuristics described above. As a result, the flow f is consid-
ered to be from the host that generates flows where the
sequence n (343) was previously found.

Returning to the discussion of FIG. 3.2, in the scenario of
demultiplexing via IP-ID using the demultiplexing module
(3255), the IP-Demultiplex system (310) first removes those
out-of-order packets using an algorithm similar to Algorithm
2 shown in TABLE 2 above. After cleaning up flow finto f',
the demultiplexing module (3255) extracts a sequence s,
where each data point p=(t,, v,) represents two pieces of
information about a packet p in f': t,, is real time at which p
is observed by the IP-Demultiplex system (310), and v,, is
the IP-ID value of packet p. Let S, be the set of IP-ID
sequences that the demultiplexing module (3254) has
learned. If S, is empty, sequence s,is added into S, as a
new sequence. In case S, is not empty, the demultiplexing
module (3255) determines whether flow f is from a host
observed before, or is from a newly found host.

If there exists a sequence S8 ;,, such that sstarts before
s, ends, and the IP-ID value v,,,, 4., of the first point in s,is
within the range of the IP-ID values v, % and v, of
S 1.€.,

, ead(Sf)E[ Thead(syy Lrait(sp)

and

Q)

then s,and s, are merged into a new sequence s;'. In case
multiple such s, satisfy the above equation (6) in S;,, the one
with the least out-of-order points is selected.

FIG. 3.5 shows an example of demultiplexing via IP-ID
using the demultiplexing module (3255) based on equation
(6). As shown in FIG. 3.5, the demultiplexing module (3255)
has previously learned sequence m (352) and sequence n
(353) that collectively form the set S;,. As shown in FIG.
3.5, the sequence m (352) spans a range of approximately
0-60 seconds in packet real time along the horizontal axis
and approximately 44490-44500 in packet ID identification
(ID) value along the vertical axis. Similarly, the sequence n
(353) spans a range of approximately 0-68 seconds in packet
real time along the horizontal axis and approximately
41700-42150 in packet IP-ID value along the vertical axis.

A sequence T (351) (i.e., s/) is found in a new flow f where
sequence f (351) starts before the sequence n (353) (i.e., s;)
ends. In particular, the sequence f (351) spans a range of
approximately 65-70 seconds in packet real time along the
horizontal axis and approximately 42100-42200 in packet
IP-ID value along the vertical axis. As shown in FIG. 3.5, the
first data point in the sequence 1 (351) (i.e., 59 i (Tj. a6
Vieaarsy) (351a), the first data point in the sequence n (353)
(e, sp) 18 (Thepuisny Viaeaawn) (353a), while the last data
point in the sequence n (353) (i.e., s) 15 (T 0190 Viairsny)
(353b). In particular, the value T, fits into the range
between T}, 4., and Ttail(sk) corresponding to the equation
(6). Similarly, the value V. fits into the range between
Vieaasty a0d Vi, corresponding to the equation (6).
Accordingly, the sequence f (351) and sequence n (353) are
merged based on the heuristics described above. As a result,

Va ead(Sf)E[ Vhead(syy Veail(s k)] >
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the flow f is considered to be from the host that generates
flows where the sequence n (353) was previously found.
Returning to the discussion of FIG. 3.2, in the scenario of
demultiplexing via IP-ID using the demultiplexing module
(325b), in case s, starts after all sequences in S, end, i.e.,

M

for each s; in S;,, no further determination is made. In
particular, it is not predicted from a sequence S,€S ;,, what
the IP-ID value may be if a packet is generated by the same
host at time t,,,, The reason is that MICROSOFT
WINDOWS® increases the IP-ID value after every new
packet is generated and packets may be generated at any rate
by the host. Therefore, the demultiplexing module (3255)
merges the sequence s, with S8 ;, if (1) v, .45 15 larger
than v, (condition (7.1)) and (2) Vv, 15 the closest
one 10 Vy,..4» among all S,eS ;, where v, 4 f)—Vmﬂ(Sz_)>0
(condition (7.2)). When s,is merged with s, T is considered
to be from the host that generates flows where s, is extracted.
Otherwise, flow f is considered to be from a new host and
sequence s,is added into S;;, as a new sequence.

FIG. 3.6 shows another example of demultiplexing via
IP-ID using the demultiplexing module (3255). As shown in
FIG. 3.6, the demultiplexing module (3255) has previously
learned sequence m (362) and sequence n (363) that collec-
tively form the set S;,. As shown in FIG. 3.6, the sequence
m (362) spans a range of approximately 0-60 seconds in
packet real time along the horizontal axis and approximately
44490-44500 in packet IP-ID value along the vertical axis.
Similarly, the sequence n (363) spans a range of approxi-
mately 0-68 seconds in packet real time along the horizontal
axis and approximately 41700-42150 in packet IP-ID value
along the vertical axis.

A sequence 1 (361) (i.e., s is found in a new flow f where
sequence f (361) starts later than all sequences (i.e.,
sequence m (362) and sequence n (363)) in S,,. In particular,
the sequence f (361) spans a range of approximately 75-80
seconds in packet real time along the horizontal axis and
approximately 42160-42200 in packet IP-ID value along the
vertical axis. As shown in FIG. 3.6, the first data point in the
sequence T (351) (i-e., 89 i (Thenacsys Vaeaasn) (361a), the
first data point in the sequence n (353) (i.e., 5) 18 (T}, 105ty
Vieadisiy) (363a), while the last data point in the sequence n
(353) (ie.s 5) 15 (Tpizonys Viaazisny) (3630). In particular, the
value V., 18 larger than V., corresponding to the
condition (7.1) above. In addition, condition (7.2) is also
true comparing to any other S8 ;;, where v, 9~ Viaii(s)
>0. Accordingly, the sequence f (361) and sequence n (363)
are merged based on the heuristics described above. As a
result, the flow f is considered to be from the host that
generates flows where the sequence n (363) was previously
found.

Embodiments of the invention may be implemented on
virtually any type of computer regardless of the platform
being used. For example, as shown in FIG. 4, a computer
system (400) includes one or more processor(s) (402),
associated memory (404) (e.g., random document access
memory (RAM), cache memory, flash memory, etc.), a
storage device (406) (e.g., a hard disk, an optical drive such
as a compact disk drive or digital video disk (DVD) drive,
a flash memory stick, etc.), and numerous other elements
and functionalities typical of today’s computers (not
shown). The computer (400) may also include input means,
such as a keyboard (408), a mouse (410), or a microphone
(not shown). Further, the computer (400) may include output
means, such as a monitor (412) (e.g., a liquid crystal display
(LCD), a plasma display, or cathode ray tube (CRT) moni-
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tor) for example to display various results such as the feature
vectors, the principal components, the application space, the
signatures, etc. The computer system (400) may be con-
nected to a network (not shown) (e.g., a local area network
(LAN), a wide area network (WAN) such as the Internet, or
any other similar type of network) with wired and/or wire-
less segments via a network interface connection (not
shown). Those skilled in the art will appreciate that many
different types of computer systems exist, and the aforemen-
tioned input and output means may take other forms. Gen-
erally speaking, the computer system (400) includes at least
the minimal processing, input, and/or output means neces-
sary to practice embodiments of the invention.

Further, those skilled in the art will appreciate that one or
more elements of the aforementioned computer system
(400) may be located at a remote location and connected to
the other elements over a network. Further, embodiments of
the invention may be implemented on a distributed system
having a plurality of nodes, where each portion of the
invention (e.g., various modules of FIG. 1) may be located
on a different node within the distributed system. In one
embodiments of the invention, the node corresponds to a
computer system. Alternatively, the node may correspond to
a processor with associated physical memory. The node may
alternatively correspond to a processor with shared memory
and/or resources. Further, software instructions for perform-
ing embodiments of the invention may be stored on a
computer readable medium such as a compact disc (CD), a
diskette, a tape, a file, or any other computer readable
storage device.

While the invention has been described with respect to a
limited number of embodiments, those skilled in the art,
having benefit of this disclosure, will appreciate that other
embodiments can be devised which do not depart from the
scope of the invention as disclosed herein. Accordingly, the
scope of the invention should be limited only by the attached
claims.

What is claimed is:

1. A method for profiling network traffic of a network,
comprising:

capturing, from the network traffic using a packet captur-

ing device, a plurality of packets;

identifying a first portion of the plurality of packets as a

first flow and a second portion of the plurality of
packets as a second flow, wherein the first flow and the
second flow are identified based at least on a common
source IP address shared by each packet of the first flow
and the second flow, wherein said each packet is
assigned a source timestamp by a device generating
said each packet and further assigned a capture time-
stamp by the packet capturing device;

extracting, by a processor of a computer system and from

the first flow, a first monotonic timestamp-pair (MTSP)
sequence, wherein the first MTSP sequence comprises
a first plurality of source-stamp-and-capture-time-
stamp-pairs based on the source stamp and the capture
timestamp assigned to said each packet in the first
portion of the plurality of packets;

extracting, by the processor and from the second flow, a

second MTSP sequence, wherein the second MTSP
sequence comprises a second plurality of source-
stamp-and-capture-timestamp-pairs based on the
monotonically increasing source stamp and the capture
timestamp assigned to said each packet in the second
portion of the plurality of packets;

comparing, by the processor and based on a pre-deter-

mined criterion, the first MTSP sequence and the
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second MTSP sequence to generate a result, wherein
comparing the first MTSP sequence and the second
MTSP sequence includes:
determining whether a capture timestamp proximity
condition is met;
if the capture timestamp proximity condition is met,
determining whether a source timestamp proximity
condition is met; and
if the capture timestamp proximity condition is not met,
determining whether the second MTSP matches a
predicted source timestamp range for the second
flow generated based on the first flow;
wherein the capture timestamp proximity condition
requires the range of capture timestamps of the
first MTSP and the range of capture timestamps of
the second MTSP overlap each other and the
source timestamp proximity condition requires the
range of source timestamps of the first MTSP and
the range of source timestamps of the second
MTSP overlap each other;
determining, based on the result, whether the first flow
and the second flow are generated by a single host of
the network, wherein determining whether the first flow
and the second flow are generated by a single host of
the network includes determining whether both the
capture timestamp proximity condition and the source
timestamp proximity condition is met or determining
that the MTSP matches the predicted source timestamp
range for the second flow; and
based on determining that the first flow and the second
flow are generated by a single host of the network,
merging the first and second flow into a single flow.
2. The method of claim 1, further comprising:
determining that a transmission control protocol (TCP)
timestamp option is enabled in the first portion and the
second portion of the plurality of packets,
wherein the source timestamp comprises a TCP time-
stamp, and
wherein extracting the first MTSP sequence and the
second MTSP sequence is in response to the determin-
ing.
3. The method of claim 1, wherein comparing the first
MTSP sequence and the second MTSP sequence comprises:
identifying a source timestamp proximity and a capture
timestamp proximity between the first MTSP sequence
and the second MTSP sequence,
wherein the first flow and the second flow are determined,
in response to identifying the source timestamp prox-
imity and the capture timestamp proximity, to be gen-
erated by a single host of the network.
4. The method of claim 1, wherein comparing the first
MTSP sequence and the second MTSP sequence comprises:
identifying a capture timestamp proximity between the
first MTSP sequence and the second M TSP sequence;
and
identifying a source timestamp segregation between the
first MTSP sequence and the second MTSP sequence,
wherein the first flow and the second flow are determined,
in response to identifying the capture timestamp over-
lap and the source timestamp segregation, to be gen-
erated by at least two hosts of the network.
5. The method of claim 1, wherein comparing the first
MTSP sequence and the second MTSP sequence comprises:
identifying a capture timestamp segregation between the
first MTSP sequence and the second M TSP sequence;
and
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determining, based at least on the capture timestamp
segregation, a predicted source timestamp range of the
second MTSP sequence,
wherein the result identifies a match between the pre-
dicted source timestamp range and the second MTSP
sequence, and
wherein the first flow and the second flow are determined,
in response to identifying the match, to be generated by
a single host of the network.
6. The method of claim 1, wherein comparing the first
MTSP sequence and the second MTSP sequence comprises:
identifying a capture timestamp segregation between the
first MTSP sequence and the second MTSP sequence;
and
determining, based at least on the capture timestamp
segregation, a predicted source timestamp range of the
second MTSP sequence,
wherein the result identifies a mismatch between the
predicted source timestamp range and the second
MTSP sequence, and
wherein the first flow and the second flow are determined,
in response to identifying the mismatch, to be gener-
ated by at least two hosts of the network.
7. The method of claim 1, further comprising:
capturing, from the network traffic using the packet cap-
turing device, another plurality of packets;
identifying a third portion of another plurality of packets
as a third flow and a fourth portion of the another
plurality of packets as a fourth flow, wherein the third
flow and the fourth flow are identified based at least on
the common source [P address shared by another each
packet of the another plurality of packets, wherein said
another each packet is assigned an Internet-protocol-
identification-field value by another device generating
said another each packet and further assigned the
capture timestamp by the packet capturing device,
wherein the Internet-protocol-identification-field value
is referred to as an IP-ID;
extracting, from the third flow, a first monotonic time-
stamp-1D (MTSID) sequence, wherein the first MTSID
sequence comprises a first plurality of capture-time-
stamp-and-IP-ID-pairs based on the capture timestamp
and the IP-ID assigned to said another each packet in
the third portion of the plurality of packets;
extracting, from the fourth flow, a second MTSID
sequence, wherein the second MTSID sequence com-
prises a second plurality of capture-timestamp-and-IP-
ID-pairs based on the capture timestamp and the IP-1D
assigned to said another each packet in the fourth
portion of the plurality of packets;
comparing, based on another pre-determined criterion, the
first MTSID sequence and the second MTSID sequence
to generate another result; and
determining, based on the another result, whether the third
flow and the fourth flow are generated by another single
host of the network.
8. A system for profiling network traffic of a network,
comprising:
a packet capturing device configured to capture, from the
network traffic, a plurality of packets;
memory comprising instructions executable by the pro-
cessor, wherein the instructions comprises:
an acquisition module configured to identify a first
portion of the plurality of packets as a first flow and
a second portion of the plurality of packets as a
second flow, wherein the first flow and the second
flow are identified based at least on a common source
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1P address shared by each packet of the first flow and
the second flow, wherein said each packet is assigned
a source timestamp by a device generating said each
packet and further assigned a capture timestamp by
the packet capturing device;
a monotonic sequence generator configured to:

extract, from the first flow, a first monotonic time-

stamp-pair (MTSP) sequence, wherein the first

5

MTSP sequence comprises a first plurality of 0

source-timestamp-and-capture  timestamp-pairs
based on the source timestamp and the capture
timestamp assigned to said each packet M the first
portion of the plurality of packets; and
extract, from the second flow, a second MTSP
sequence, wherein the second MTSP sequence
comprises a second plurality of source-timestamp-
and-capture-timestamp-pairs based on the source
timestamp and the capture timestamp assigned to
said each packet in the second portion of the
plurality of packets; and
a host analyzer configured to:
compare, based on a pre-determined criterion, the
first MTSP sequence and the second MTSP
sequence to generate a result, wherein comparing
the first MTSP sequence and the second MTSP
sequence includes:
determining whether a capture timestamp proxim-
ity condition is met;
if the capture timestamp proximity condition is
met, determining whether a source timestamp
proximity condition is met; and
if the capture timestamp proximity condition is
not met, determining whether the second MTSP
matches a predicted source timestamp range for
the second flow generated based on the first
flow;
wherein the capture timestamp proximity condi-
tion requires the range of capture timestamps of
the first MTSP and the range of capture time-
stamps of second MTSP overlap each other and
the source timestamp proximity condition
requires the range of source timestamps of the
first MTSP and the range of source timestamps
of the second MTSP overlap each other; and
determine, based on the result, whether the first flow
and the second flow are generated by a single host
of the network, wherein determining whether the
first flow and the second flow are generated by a
single host of the network includes determining
whether both the capture timestamp proximity
condition and the source timestamp proximity
condition is met or determining that the MTSP
matches the predicted source for the second flow;
a demultiplexing module configured to:
merge, based on determining that the first flow and
the second flow are generated by a single host of
the network, the first and second flow into a single
flow; and
a data repository configured to store the first MTSP
sequence, the second MTSP sequence, and the result.
9. The system of claim 8, further comprising:
determining that a transmission control protocol (TCP)
timestamp option is enabled in the first portion and the
second portion of the plurality of packets,
wherein the source timestamp comprises a TCP time-
stamp, and
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wherein extracting the first MTSP sequence and the
second MTSP sequence is in response to the determin-
ing.
10. The system of claim 8, wherein comparing the first
MTSP sequence and the second MTSP sequence comprises:
identifying a source timestamp proximity and a capture
timestamp proximity between the first MTSP sequence
and the second MTSP sequence,
wherein the first flow and the second flow are determined,
in response to identifying the source timestamp prox-
imity and the capture timestamp proximity, to be gen-
erated by a single host of the network.
11. The system of claim 8, wherein comparing the first
MTSP sequence and the second MTSP sequence comprises:
identifying a capture timestamp proximity between the
first MTSP sequence and the second MTSP sequence;
and
identifying a source timestamp segregation between the
first MTSP sequence and the second MTSP sequence,
wherein the first flow and the second flow are determined,
in response to identifying the capture timestamp over-
lap and the source timestamp segregation, to be gen-
erated by at least two hosts of the network.
12. The system of claim 8, wherein comparing the first
MTSP sequence and the second MTSP sequence comprises:
identifying a capture timestamp segregation between the
first MTSP sequence and the second MTSP sequence;
and
determining, based at least on the capture timestamp
segregation, a predicted source timestamp range of the
second MTSP sequence,
wherein the result identifies a match between the pre-
dicted source timestamp range and the second MTSP
sequence, and
wherein the first flow and the second flow are determined,
in response to identifying the match, to be generated by
a single host of the network.
13. The system of claim 8, wherein comparing the first
MTSP sequence and the second MTSP sequence comprises:
identifying a capture timestamp segregation between the
first MTSP sequence and the second MTSP sequence;
and
determining, based at least on the capture timestamp
segregation, a predicted source timestamp range of the
second MTSP sequence,
wherein the result identifies a mismatch between the
predicted source timestamp range and the second
MTSP sequence, and
wherein the first flow and the second flow are determined,
in response to identifying the mismatch, to be gener-
ated by at least two hosts of the network.
14. The system of claim 8, further comprising:
capturing, from the network traffic using the packet cap-
turing device, another plurality of packets;
identifying a third portion of another plurality of packets
as a third flow and a fourth portion of the another
plurality of packets as a fourth flow, wherein the third
flow and the fourth flow are identified based at least on
the common source [P address shared by another each
packet of the another plurality of packets, wherein said
another each packet is assigned an Internet-protocol-
identification-field value by another device generating
said another each packet and further assigned the
capture timestamp by the packet capturing device,
wherein the Internet-protocol-identification-field value
is referred to as an IP-ID;
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extracting, from the third flow, a first monotonic time-
stamp-1D (MTSID) sequence, wherein the first MTSID
sequence comprises a first plurality of capture-time-
stamp-and-IP-ID-pairs based on the capture timestamp
and the IP-ID assigned to said another each packet in
the third portion of the plurality of packets;

extracting, from the fourth flow, a second MTSID
sequence, wherein the second MTSID sequence com-
prises a second plurality of capture-timestamp-and-IP-
ID-pairs based on the capture timestamp and the IP-1D
assigned to said another each packet in the fourth
portion of the plurality of packets;

comparing, based on another pre-determined criterion, the
first MTSID sequence and the second MTSID sequence
to generate another result; and

determining, based on the another result, whether the third
flow and the fourth flow are generated by another single
host of the network.

15. A non-transitory computer readable medium embody-

ing instructions for profiling network traffic of a network, the
instructions when executed by a processor comprising func-
tionality for:

capturing, from the network traffic using a packet captur-
ing device, a plurality of packets;
identifying a first portion of the plurality of packets as a
first flow and a second portion of the plurality of
packets as a second flow, wherein the first flow and the
second flow are identified based at least on a common
source IP address shared by each packet of the first flow
and the second flow, wherein said each packet is
assigned a source timestamp by a device generating
said each packet and further assigned a capture time-
stamp by the packet capturing device;
extracting, from the first flow, a first monotonic time-
stamp-pair (MTSP) sequence, wherein the first MTSP
sequence comprises a first plurality of source-time-
stamp-and-capture-timestamp-pairs based on the
source timestamp and the capture timestamp assigned
to said each packet in the first portion of the plurality
of packets;
extracting, from the second flow, a second MTSP
sequence, wherein the second MTSP sequence com-
prises a second plurality of source-timestamp-and-cap-
ture-timestamp-pairs based on the source timestamp
and the capture timestamp assigned to said each packet
in the second portion of the plurality of packets;
comparing; based on a pre-determined criterion, the first
MTSP sequence and the second MTSP sequence to
generate a result; wherein comparing the first MTSP
sequence and the second MTSP sequence includes:
determining whether a capture timestamp proximity
condition is met;
if the capture timestamp proximity condition is met,
determining whether a source timestamp proximity
condition is met; and
if the capture timestamp proximity condition is not met,
determining whether the second MTSP matches a
predicted source timestamp range for the second
flow generated based on the first flow;
wherein the capture timestamp proximity condition
requires the range of capture timestamps of the
first MTSP and the range of capture timestamps of
the second MTSP overlap each other and the
source timestamp proximity condition requires the
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range of source timestamps of the first MTSP and
the range of source timestamps of the second
MTSP overlap each other;
determining, based on the result, whether the first flow
5 and the second flow are generated by a single host of
the network, wherein determining whether the first flow
and the second flow are generated by a single host of
the network includes determining whether both the
capture timestamp proximity condition and the source
timestamp proximity condition is met or determining
that the MTSP matches the predicted source timestamp
range for the second flow; and
based on determining that the first flow and the second
flow are generated by a single host of the network;
merging the first and second flow into a single flow.

16. The non-transitory computer readable medium of
claim 15, the instructions when executed by the processor
further comprising functionality for:

determining that a transmission control protocol (TCP)

timestamp option is enabled in the first portion and the
second portion of the plurality of packets,

wherein the source timestamp comprises a TCP time-

stamp, and

wherein extracting the first MTSP sequence and the

second MTSP sequence is in response to the determin-
ing.

17. The non-transitory computer readable medium of
claim 15, wherein comparing the first MTSP sequence and
the second MTSP sequence comprises:

identifying a source timestamp proximity and a capture

timestamp proximity between the first MTSP sequence
and the second MTSP sequence,

wherein the first flow and the second flow are determined,

in response to identifying the source timestamp prox-
imity and the capture timestamp proximity, to be gen-
erated by a single host of the network.

18. The non-transitory computer readable medium of
claim 15, wherein comparing the first MTSP sequence and
the second MTSP sequence comprises:

identifying a capture timestamp proximity between the

first MTSP sequence and the second MTSP sequence;
and
identifying a source timestamp segregation between the
first MTSP sequence and the second MTSP sequence,

wherein the first flow and the second flow are determined,
in response to identifying the capture timestamp over-
lap and the source timestamp segregation, to be gen-
erated by at least two hosts of the network.

19. The non-transitory computer readable medium of
50 claim 15, wherein comparing the first MTSP sequence and
the second MTSP sequence comprises:

identifying a capture timestamp segregation between the

first MTSP sequence and the second MTSP sequence;
and

determining, based at least on the capture timestamp
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segregation, a predicted source timestamp range of the
second MTSP sequence,
wherein the result identifies a match between the pre-
dicted source timestamp range and the second MTSP
60 sequence, and

wherein the first flow and the second flow are determined,
in response to identifying the match, to be generated by
a single host of the network.
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