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Fig. 6. Asymptotic diversity of ASER for various values of (K, N2, N3) with
the R7 relay range scenario.

direct communication between the source and the destination [7], a
better AASER can be obtained due to an additional link between
the source and the destination. The performance difference is mainly
related to the multipath diversity, which is specified by Nj. As
any of (K, N3, N3) increases, a better ASSER is obtained from an
improved diversity gain. In particular, as N, increases, a greater
performance improvement over the CP-SC system [7] is expected.
Fig. 6 shows the ASSER on a log-log plot to verify the diversity
gain of the system in the considered SNR values (4,...,12) dB.
Simulated asymptotic diversity gains G4 = 3.74/4.07/6.2/5.44 are
obtained for (K =2, Ny =1,N3 =2)/(K =2,Ny =2,N3 =2)/
(K =3,Ny=2,N3 =2)/(K =2,N5 =1, N3 = 3). However, in
the higher SNR region, diversity gain can be expected to be G4 =
Ny + K Ns.

VII. CONCLUSION

In this paper, we have proposed an ADF cooperative SC system
with multiple relays. Having obtained an ESNR expression, we have
derived closed-form expressions for the outage probability and an
AASER. In the high-SNR region, the asymptotic outage probability
is shown to be the product of all outage probabilities of all links in
the system. Multipath diversity between the source and the destination
and diversity between the relays and destination are factors in an
asymptotic diversity gain. The number of relays affects this diversity
as the multiuser diversity gain. This new diversity gain analysis has
been verified by simulations.
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Abstract—Telematics typically utilizes vehicle detectors and Global Po-
sitioning System (GPS)-based vehicle probes to compute the speeds of
vehicles. When the detectors and the GPS probes are not available, vehicle
speeds can be estimated by the cellular floating vehicle data technique,
where the telecom network needs to spend extra effort to identify spe-
cific users and track their movements. This paper proposes the Speed
Determination (SD) Algorithm, which uses standard statistics of telecom
switches to compute the speeds of vehicles without extra effort in the
telecom network. Simulation and field measurements indicate that the SD
Algorithm can effectively report the vehicle speeds of two-way roads.
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NOMENCLATURE

The notation used in this paper is listed here.

d; Traffic concentration of cell ¢ in a one-way road.

d;  Traffic concentration corresponding to A}.

d; , Heavy traffic concentration corresponding to \,.

d;;  Light traffic concentration corresponding to \;.

D;  Net concentration of both directions in cell <.

At Time interval for statistics.

frn Linear equation of the flow—concentration curve for heavy
traffic situation; f5(\;) = apA; + bp.

fi Linear equation of the flow—concentration curve for light traffic
situation; fi(\;) = a;\; + b;.

i Arrival rate of the users in cell ¢ in a one-way road.

A1, Arrival rate of the users in cell 4 of direction 1 in a two-way
road.

A2,;  Arrival rate of the users in cell ¢ of direction 2 in a two-way
road.

A7 Maximum arrival rate of the users in cell ¢ in a one-way road.
ti,;  Number of handovers from cell ¢ to cell j.

L Number of handovers into cell i.

N;  Number of users in cell 7.

R;  Expected cell residence time that a user stays in cell <.
pi Voice/data traffic of cell .

ta Intercall arrival time.

te Call-holding time.

V; Vehicle speed at cell .

T; Length of cell <.

I. INTRODUCTION

Measuring vehicle speeds and traffic flows on roads is an impor-
tant issue in telematics. There are three approaches to measuring
speed: 1) vehicle detector (VD); 2) Global Positioning System (GPS)-
based vehicle probe (GVP) [1], [2]; and 3) cellular floating vehicle
data (CFVD) [3]-[5]. By deploying detectors in the roads, the VD
approach can accurately measure the speeds of vehicles. However,
the deployment and maintenance of the VD approach are expensive.
(The detectors must be periodically replaced after their lifetimes.)
Both the GVP and the CFVD approaches utilize the mobile telecom
network. In the GVP approach, the user equipment in vehicles send
the GPS information to the mobile telecom network for speed compu-
tation. This approach requires the vehicles to equip with GPS receivers
and enable the cellular data transmission all the time. In CFVD,
specific users must be identified and tracked by the telecom network to
compute their moving speeds on roads. CFVD solutions work well in
highway, country, and suburban roads but do not appropriately work
in an urban environment. For urban environment, vehicle speeds are
typically obtained from the GVP method (where GPS devices are
mounted in taxies). Both GVP and CFVD approaches have two major
disadvantages: 1) Extra cost (other than normal telecom operation) is
required to track a user on the roads, and 2) the privacy of the tracked
users must be resolved.

In [6], we derived the expected residence times of users in a
specific area through the statistics that can be easily obtained from
standard telecom switches. Therefore, we need not modify the existing
telecom network or user equipment. In this paper, we extend the
aforementioned work to compute the vehicle speed in a road. The idea
is described as follows: In a mobile telecom network, the service area is
populated with several base stations [BSs, Fig. 1(1)] that are connected
to mobile telecom switches called mobile switching centers [MSCs,
Fig. 1(2)] or serving GPRS support nodes (SGSNs) [7].
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MSC/SGSN

Fig. 1. One-way road covered by cells.

During a phone conversation or Internet data access, the user in a
cell (the radio coverage of a BS or a sector of that BS) connects to the
MSC/SGSN through the BS. If the user in conversation moves from
one cell to another, then the call path is switched from the old cell to
the new cell. This process is called handover. The MSC/SGSN collects
several statistics of the activities for every At interval, typically
ranging from 15 min to several hours. The recorded statistics include
the intercall arrival time ¢, the call holding time ¢, the number ; ; of
handovers from cell % to cell 7, and the voice/data traffic p; (in Erlang)
of cell <. The traffic measure merits further discussion. For a timeslot
At, p; is the number of calls arriving at cell 7 in At times the expected
call holding time (measured in minutes). In addition, we would like
note that the measure of the handover rate is affected by the analysis
for overlapping cell regions. Such analysis was implemented in the BS
products developed by vendors such as Ericsson, Nokia-Siemens, etc.

Fromt,,t., p;,j, and p;, we derived the expected cell residence time
R; that a user stays in cell ¢ as follows [6]: The details are reiterated
here for the reader’s benefit.

Fact 1: Let p; be the number of handovers into cell ¢ in timeslot
At; that is, p; = Zj,j i M Then, the expected cell residence time
R; can be determined by p; and p; as R; = p; / ;.

Proof: Let N; be the number of users in cell 7 at timeslot At.
There are (At/t,) call arrivals to a user, which contribute ¢.(At/t,)
call minutes. Therefore

Nt At ita
= or N, = p

ta Tt AL 0

Pi

Let \; be the arrival rate of the users at cell 7 in timeslot A¢. In At,
there are A\; At users moving into cell 7. Among these users, (¢./t,) of
them are in call conversation. In other words, (\; Att./t,) users hand
over into cell 7 in At, and

)‘i Attc ,uita
= — Or = .
ta toAt

i @

Little’s Law [6] states that the number N; of vehicles in a road
segment is the vehicle arrival rate \; times the traveling time R; of
a vehicle in this road segment; that is

From (1)—(3), we have
R, =2t )
Hi
|

In (4), we can use either the arrival (handover-in) rate or the depar-
ture (handover-out) rate to compute the response time. The results are
about the same in our experiments. In this paper, we will use Fact 1
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to derive the vehicle speeds in one-way roads and two-way roads. The
notation used in this paper is listed in the Appendix.

II. DERIVATION OF THE VEHICLE SPEED

Fig. 1 shows a one-way road covered by cells. In this road, a vehicle
(a user) moves from cell ¢ — 1 to cell ¢ 4 1 through cell ¢. Let z; be
the length of cell 7; then, we have the following result:
Fact 2: The vehicle speed v; at cell ¢ can be expressed as v; =
Tifhi/ pi-
Proof: 1t is clear that the speed v; is the traveling distance x;
divided by the traveling time R; or

T
= —. 5
Vi = R (%)
From (4) and (5), we have
v; = % (6)
Pi
|

Note that x; typically ranges from 500 m to several kilometers and
can be obtained through measurement [3], [4]. If a cell covers a two-
way road, then it is impossible to directly derive the vehicle speed of
each direction from the aforementioned telecom statistics. The major
problem is that the p; value is contributed by the vehicles from both
directions and cannot be separated to determine the number of vehicles
in each direction. We also note that the traffic flow \; of each direc-
tion provides no hint about the vehicle speeds, as we will elaborate
later.

For every one-way road, we can derive a traffic flow—concentration
curve that describes the relationship between the traffic flow \; and the
traffic concentration d; = N, /x;, where N; is the number of vehicles
in the road segment of length z,. Note that the flow—concentration
relationship is also affected by other factors, including the lane number
of the road, the car-following behavior, etc. The vehicle speed v; can
be expressed by traffic flow and traffic concentration in the following
fact:

Fact 3: The vehicle speed v; at cell 7 is v; = \;/d,;.

Proof: We get the proof directly from (3), (5), and the definition

The traffic flow and the traffic concentration of a road can be
obtained from measurement or simulation. A popular simulation tool
is VISSIM, which is a microscopic simulation program for multimodal
traffic flow modeling [8]. This program accurately simulates urban
and highway traffic with various lane numbers. We utilize VISSIM to
generate the corresponding flows, concentrations, and vehicle speeds
for a three-lane road with Wiedemann 99 car-following model and the
Wiedemann Psycho-Physical lane-changing model.

In Table I, v;, A;, and d; are obtained from the simulation. We
compute \;/d; [see Table I(a)] and compare it with v; [see Table I(b)].
As indicated in Table I(c), the discrepancies are within 1%, which
show that Fact 3 accurately describes the relationship among \;, d;,
and v;.

Based on Table I, Fig. 2 plots the traffic flow—concentration curve.
The figure shows that there exists a maximum traffic flow z that can
be accommodated by the road. This figure also indicates that there
exists d; such that, if the traffic concentration d; is smaller than d,
then d; increases as A; increases (light traffic situation). On the other
hand, if d; is larger than d, then d; increases as \; decreases (heavy
traffic situation).

Clearly, a specific \;(0 < X; < AF) maps to two traffic concen-
trations d;; (for light traffic situation) and d;; (for heavy traffic
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TABLE 1
FLOWS, CONCENTRATIONS, AND SPEEDS OF A
THREE-LANE ROAD EXAMPLE

d; (veh/km) |13.950(29.982|68.474|113.66(157.24(197.73|270.02|330.59

A; (veh/hr) |1170.4|2374.7|4763.4|5380.214714.5(4030.72817.1({1701.6

A:/d; (kmihr)
(a)
v; (km/hr) (b) |83.974|78.646|69.328|47.635|30.028[20.377 | 10.460

83.900(79.204 |69.565|47.335]|29.982(20.384{10.433| 5.147

5173

0.089 | 0.710 | 0.341 | 0.629 | 0.153 | 0.035 | 0.255 | 0.502

[(a)-(b))/(b) % % % % % % % %

*
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Fig. 2. Traffic flow—concentration curve.

situation). Both d;; and d;; can be approximated by two linear
equations, i.e.,

dig = fi(\) = athi + by @)
din = frn(X) = apA; + by, ®)

Note that, although f; and f;, may not be exactly linear in the whole
range [0, S ], we do observe that, for a specific \;, there exist a range
[Ai — AN, \; + AN;] such that the f; and the f;, segments in this
range are linear and can be expressed as the same form as (7) and (8).
Now, consider a two-way road where the traffic flows in both directions
are \; 1 and )\; o, respectively. Suppose that the net concentration of
both directions is d;. Then, we have the following fact:

Fact 4: If a; # ap, and X\; 1 # A, 2, then the traffic concentrations
of both directions can be uniquely determined by A; 1, 2, d;,
(7) and (8).

Proof: From (7) and (8), for traffic flow A; 1, the possible traffic
concentrations are

dig=aX;+b and dyp =apAi1 + by

Similarly, for traffic flow A, o, we have

dag =aiNiz+b and dap = apXiz + by.

Now, we prove by contradiction. Let

Dy =di;+day

Dy =dig+dap
Dy =dip+day
Dpp=din+dapn

)
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It is clear that

Dy < Diny Dpy < Dpop- (10)

Therefore, if the traffic concentrations cannot be uniquely deter-
mined, it means that

D; = Dip = Dpy. amn

Note that we do not need to consider the combinations D; ; or Dy, 5,
due to the relationship (10). From (7), (8), and (11)

a1+ b+ apXig + by = api + by a2+ b
which implies that

al()\i,l - )\m) = ah()\i,l - )\m)-

Since A;1 # A1,2, we have a; =aj, which contradicts the
hypothesis. |

We note that, for a typical road, a; # a, in the traffic
flow—concentration curve, and therefore, the traffic concentrations of
both directions can be uniquely determined.

Based on Fact 4, the vehicle speeds of both directions of a two-way
road can be computed through the following speed determination (SD)
algorithm.

SD Algorithm
Step 1: %4, te, fhi 1, i 2, and p; from the mobile telecom network

for every At.

Step 2: Use (1) and (2) to compute A} ; = Wita/teAL, Aig =
fiota/te A, and D) = pito [zt At.
Step 3: Plug )\gyl and )\;72 into (7) and (8) to compute dy 4, di p,
dgyl, and dg’h, and obtain Dl,l, Dl,h’ Dh,ls and Dh,h
using (9).
Step 4: Forall a,b € {l, h}, compute the errors for d,, j,, where
|Da,p — Dj
Error[D, ] = ———+.
D]
Step 5: For z,y € {l,h}, if
Error[D, ] = ai}rgmh} (Error[Dg p])

then the speeds for directions 1 and 2 are v; , and vy ,, respectively.
In the next section, we show that the SD Algorithm can accurately
select the speed of each direction in a two-way road.

III. NUMERICAL EXAMPLES

In this section, we extend the VISSIM simulation to accommodate
voice/data call activities. We simulate the 6-km segment of a two-way
road of three lanes in each direction. In each simulation round, up to
36000 vehicles are injected in the road during six simulated hours.
To avoid initial effect, we only observe the behavior of the vehicles
after two simulated hours. The desired speed of a vehicle is uniformly
randomly selected between 60-120 km/h (for light traffic situation)
and 5-60 km/h (for heavy traffic situation). The road is covered by
six cells (where a cell coverage is 1 km). In this simulation, ¢, =
60 min, At = 15 min, and ¢, ranges from 1 to 30 min, which simulates
the behavior of MSC/SGSN that collects ji; 1, ;. 2, and p; for every
At. We first validate Step 2 of the SD Algorithm by comparing the
measured A; 1, A; 2, and D; with )\2,1, /\2’2, and D;. Note that we can
consider a At shorter than 15 min by resetting the range parameter at
the cost of sending more messages from the telecom switches to the
application database. However, with a short At, the obtained vehicle
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1, (min)

Fig. 3. Errors between the measured data and (1) and (2) computed in
Step 2 of the SD Algorithm (to =60 min, At =15 min, X\;1 =
2374.7 veh/h, \; 2 = 2817.1 veh/h, and D; = 300.004 veh/km).

100 - r . . .
0 _G\/\S\/\/e/\_/6\/\/®\/6\/\/C
80 | ; ]
—
70 | .
S 60 —— Dy,
T 50| —%— D,
=}
2 —2— Dy,
m 40 o
30 —
20 F 1
W —s -~~~ 8 A B4
0 NN N~ TS e~ e K

0 5 10 15 20 25 30
t, (min)

Fig. 4. Errors between D, j, and D;/ (to = 60 min, At = 15 min, A\; | =
2374.7 veh/h, \; o = 2817.1 veh/h, and D; = 300.004 veh/km).

speed information may be too dynamic yet nonstable to be useful.
Therefore, At = 15 min is selected.

Fig. 3 plots the errors Error[A] ;] = [\ | — A1/ i1,
Error[A] 5] = [Aj 5 — Ai2|/Ai2,  and  Error[Dj] = | D] — D;|/D;
against t., where the direction-1 flow is A; ; = 2374.7 veh/h and
d; 1 = 29.982 veh/km (light traffic situation), and the direction-2 flow
is A\j 2 =2817.1 veh/h and d; 2 = 270.022 veh/km (heavy traffic
situation). In this case, D; =d; 1 + d; 2 = 300.004 veh/km. The
figure indicates that the errors between the measured data and (1) and
(2) computed by the SD Algorithm are smaller than 4% and, in most
cases, smaller than 1.5%.

Fig. 4 shows that, in the example of Fig. 3, the SD Algorithm
correctly selects the traffic concentration (and, therefore, the vehicle
speed) of each direction for various t. values. By using the p; 1,
i,2, and p; collected from the simulation, we compute D; ;, D,
Dy, 1, and Dy, j, (Step 3 of the SD Algorithm) and obtain the errors
between them and D) (Step 4 of the SD Algorithm). For various t,.
values, the SD Algorithm always finds the correct traffic concentration
(which is Dy 3), and the vehicle speeds for both directions are v, ; =
78.646 km/hr and v5 ;, = 10.460 km/hr, respectively.

Fig. 5 shows that the SD Algorithm correctly selects the concentra-
tion for various flow combinations where ¢, = 60 min, ¢, = 1 min,
and At = 15 min. In this figure, we consider \; ; = 2374.7 veh/h
with light traffic, and \; > ranges from 1500 to 5500 veh/h with heavy
traffic. In Fig. 5, the concentration selected is D; j, which indicates
that the SD Algorithm always correctly selects the concentrations.
Same results are observed for other flow combinations and are not
presented.
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Fig. 6. Measuring the traffic data from real road.

We have obtained the traffic flows and vehicle speeds of a road at
Taoyuan, Taiwan, on November 11, 2010 (see Fig. 6). The speeds and
traffic flow data for this road segment were published by the Ministry
of Transportation and Communications (MOTC), Taiwan, which were
measured by the VD at the 66 km of the road [9]. We have also
obtained p; and p; from the mobile telecom network from a cell of
length z; = 1.5 km and At = 60 min, where the BS is located at
66.8 km of the road.

Based on Fact 2, we derived the vehicle speeds from p; and p; at
14, 15, 18, and 19 hours of the day and compare them with the VD
data reported by MOTC, Taiwan. The errors between (6) and the VD
data range from 3.74% to 11.36% (see Table II). Since the traffic flows
and the speeds measured from the VD are about the same for both
directions of the road, our method results in the same speeds for both
directions.

IV. CoNCLUSION

This paper has proposed an SD Algorithm that uses standard statis-
tics of telecom switches to compute the speeds of vehicles without
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TABLE II
ERRORS BETWEEN OUR METHOD AND THE VEHICLE DETECTOR
Time i i Speed (km/hr) .
. Iror
(hour) | (min) |(perhr)l Eq.(6) | VD66
14 111.65 | 144.5 | 116.480 | 107.875 | 7.98%
15 112.50 | 130 | 104.000 | 108.042 | 3.74%
18 12440 | 128.5 | 92.966 | 104.875 | 11.36%
19 8597 | 106 | 110.973 | 104292 | 6.41%

extra computation or message delivery efforts in telecom network.
Our study indicated that the SD algorithm can reasonably capture
the vehicle speeds with 3%—12% errors, compared with the field data
reported by MOTC, Taiwan. These errors are partly caused by noise
and variation in the footprint of areas covered by the cell towers (and
other factors described here). In Table II, the noise became serious
at hour 18 in the observation period. To further reduce the errors by
eliminating these factors is a great challenge and will be our top-
priority for future work. As compared with other approaches, the SD
algorithm is reasonably accurate. For example, in [3], errors of 10%
for intercity freeway and 24%-32% for urban freeway were reported.

Our study also introduces several interesting issues for future re-
search: A major factor contributing to the inaccuracy of the SD algo-
rithm (as well as GVP and CFVD approaches) is that the investigated
cell covers an area larger than the road, where the statistics of the
telecom switches also include activities of users not in the road (e.g.,
noncar users). Such call activity “noise” may reduce the accuracy of
the estimated speeds. In our study, the cell selected is a sector of
UMTS BS with the directional antenna pointing along the road, which
significantly reduces the possibility of involving the users not in the
road.

Another issue is that vehicles exiting from and entering to the
freeway also contribute to the average speeds. It may be desirable to
separately derive the speeds of exiting and nonexiting vehicles.

As a final remark, this work is pending U.S., Taiwan, and China
patents.
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