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period (2006-2016), prices increased across the city. Relevant growth was seen in the city districts
Slavonin and Repéin (the southern and north-western parts of the city), which both had new shopping
centres that were established in 2002 and 2005. In part of the city centre, prices were strengthened,
for example, by the completion of the Santovka shopping centre, which increased the attractiveness
of this locality. Another increase is also found in the Nedvézi and Nemilany cadastres. Here, areas
of personal housing dominate, and the rise in prices is related to an overall trend of suburbanization
when areas in the suburbs started being attractive for living and several new residential areas of
individual housing were created.

Figure 3. Land price changes in Olomouc.

Regarding the absolute price of parcels, spatial distribution changed over time. In 1993, it was
possible to see a pattern of increasing prices towards the centre, the highest prices being in the historical
centre of the town. In the peripheral areas, most of the parcels were in the two cheapest price categories,
i.e., up to CZK 1000 (except for the eastern parts Svaty Kopecek, LoSov, and Radikov). In 2006, the price
of most parcels fell significantly, while the highest prices were maintained in the historical centre and
in two areas on the outskirts—the new shopping centres (Olomouc City in Repéin and Centrum Hand
in Slavonin/Nova Ulice). By 2016, expensive land again remained in the historical centre, but the value
of more parcels in the outer parts of the city was also increasing. By contrast, many areas in the inner
part of the town had fallen to the lowest price category. From a temporal point of view, the permanent
preservation of high prices in the historical centre is seen, other areas have changed over time, and
peripheral areas have become more attractive.

However, the overall change in land price does not indicate the dynamics of the changes in the
period analysed or the trend of price behaviour. For this reason, a typology of areas was designed
concerning price changes. We determined whether a decrease or growth occurred in the time interval
and whether this change was above the significance limit (i.e., greater than + 5%). The typology is
summarized in Table 5.
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Table 5. Typology of Land Price Changes.

1993-2006 2006-2016 Changes Category Area Ratio
+ + significant increase 9.2%
/or + +or/ increase 3.7%
/ / stable area 0%
/or — —or/ decrease 0.5%
- - significant decrease 5.2%
+or — +or — significantly changing area 81.4%

where: + means a significant price increase (more than 5%); — means a significant price decrease (more than 5%);
/ means no significant change (less than 5%).

This analysis shows that the temporal evaluation dominates areas where the price has changed
significantly in both directions and no clear trend can be observed. This behaviour follows the overall
drop in prices in the initial period and their subsequent growth in the second half of the monitored
period, as described in Chapter 3.1. No long-term stable areas were found in the area of interest
(Figure 3), with a 5% tolerance of change. Different tolerance limits were tested: with 15% tolerance,
only 1.3% is stable; with 20% tolerance, 4.5% is stable; and, with 30% tolerance, 6% is stable. Even
with higher tolerances for change, an insignificant number of areas is categorized as stable in terms of
price. This is surprising, because several stabilized areas exist, as defined by Burian [40,45], from the
master plans of the city of Olomouc. Probably, there is no correlation between stability of land-use and
stability of land prices. Long-term rising price parcels are located mainly in the suburbs; their largest
representation is in the residential south-eastern part of the city.

Since the changing patterns of parcel price dominate the typology, we concluded that partial
temporal changes and trends are not significantly decisive for overall spatial assessment. Therefore,
relative price changes in the period 1993-2016 followed by absolute price in 2016 were used to assess
overall sustainability in three individual aspects (environmental, social, and economic). These were
defined as a key part of evaluating sustainability changes. In each aspect, we identified several
topics for assessing price changes in a spatial context. All topics and their values are presented in the
Figures 3-5 and subchapters.

land price relative change (1993-2016)
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Figure 4. Land price changes related to economic, environmental, and social aspects.

267



Sustainability 2018, 10, 4831

land price (2016)
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Figure 5. Land prices related to economic, environmental, and social aspects.
4.1. Economic Aspects

From an economic point of view, land prices were analysed in categories defined by the Olomouc
master plan as brownfields, production and warehouses, public recreation, and public utilities and
infrastructure (Figures 4-6). The aim was to elaborate on the relationships between land-use type and
land price and to find out whether any land-use category was more significant for the real estate market
than others. Surprisingly, prices did not change as dramatically as in other aspects. For brownfields,
we observed even a slight overall decline in prices, as these locations are probably not interesting to
investors, perhaps because of the higher costs for reconstruction and the elimination of environmental
burdens. From a spatial point of view, these categories do not have any spatial pattern, except for
production and warehouses located mainly in the eastern part of the city near rail transport. Generally,
it is possible to say that the four selected economic spatial aspects are the most stable in terms of
price changes and they did not record any dramatic changes in the monitored period. Also, regarding
absolute price (2016), the price of most land in economic land-use categories did not exceed CZK 2500.
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Figure 6. Spatial distribution of economic aspects.
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4.2. Environmental Aspects

From an environmental point of view (Figures 4, 5 and 7), the significant impact of soil protection
level (ESEU—Evaluated Soil Ecological Unit) on the changes of its price is evident. The highest increase
is in the price of land in the first and third protection levels, which covers the majority of the area
of priced parcels. The zone of these soils passes through the city from north to south and occupies
more than 50% of parcels. However, a noticeable stagnation/decrease can be seen for the fifth level
of soil protection and soils without any ecological protection. These areas are in the eastern outskirts
of the city (Drozdin, LoSov, Svaty Kopecek, and Radikov). In this part of the city, the slope of the
terrain changes significantly and increases the degree of afforestation. Top quality soils (the first four
degrees of protection) went up considerably in price over the years. Their absolute price is also higher
than for the remaining levels (fifth level and land without protection). An interesting category is land
related to watercourses—parcels in the flood zone of 20-year water and areas classified as ‘water areas’
(which are the closest parcels to watercourses) were selected. These categories (as one of the few)
declined in price. This is probably due to the floods in 1997 (100-year floods), which had a significant
impact on the city. Disastrous floods affected one-third of the city, 50 people died, and more than
26,000 inhabitants were evacuated from the area [46]. The propensity of these locations to flooding was
therefore reflected in the price of land. The most significant decline occurred in the northern part of the
city in the Cernovir, Kldsterni Hradisko, and Lazce cadastral units. The flood area mostly comprises
areas of individual housing. Least important for the analysis is the agricultural area category, which
covers only a few parcels of the monitored area. Similarly, the water area category includes only a
limited number of parcels, but flood areas complement it.
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Figure 7. Spatial distribution of environmental aspects.
4.3. Social Aspects

The social aspect (Figures 4, 5 and 8) is the most interesting to analyse regarding land
price. The most significant changes and overall price increases were expected in residential areas.
For this assessment, residential areas, individual recreational areas, and parcels located in the urban
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conservation zone and area (historical centre of the city) were selected. Individual recreational areas,
most of them being gardening and cottage areas, showed a strong drop in price. These areas have
minor representation and they are located mainly in the city suburbs. Currently, interest in these
gardening activities is low, engaging mainly seniors, and overall demand is declining. This is evident in
the price trend, which has the most significant drop in all the monitored categories. Also, the absolute
value of these parcels is the lowest. Progressing conversely, prices in residential areas and protected
areas changed. The current demand for personal housing in Olomouc is very high and the price of
these parcels is continually increasing. Several locations are experiencing intensive construction of new
units designed for individual housing. Generally, residential areas are relatively equally distributed
across the city. In the studied period, this category experienced a significant price increase across
the city, even more extensively than in the urban conservation zone. Except for the city centre itself,
price has grown significantly in peripheral parts of the city (the south-eastern cadastre of Holice and
southwestern Slavonin, Nové Sady, and part of Nova Ulice). Concerning absolute price, however,
conservation areas still lead. A specific category is the historical centre, which is protected as an
urban conservation area. Here, a strong price increase is observed, and regarding absolute price, it is
unequivocally the highest. The variation of prices here is also great; however, even 50% of all parcels
in this category surpass all other assessed aspects.
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Figure 8. Spatial distribution of social aspects.

The overall assessment points to the most significant impact of social and environmental spatial
aspects: a rise in prices occurred in these categories. Categories with a decrease in price are
minimal—these are primarily risk areas near watercourses that are prone to flooding. The growth
of land prices for high-quality land is also significant. This might be because the Olomouc Region is
characterized by soil of the highest quality in the Czech Republic. Parcels with lower soil quality were
built on in the past and the city can now only be developed on parcels with higher soil protection levels.
These classes compare to those of personal housing, which has seen increased interest in recent years
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and lead construction activities to being focused on this type of housing. The analysis confirmed the
expectation that the most lucrative parcels are located in the city’s historical core. This is demonstrated
both in the absolute price of land and its change over the monitored period.

5. Discussion

Regarding the influence of the changes of macroeconomic indicators on land price, the results
of the regression analysis show that the most significant indicators for land price increase/decrease
in time are the indicators “number of inhabitants” and “number of finished flats”. Other indicators
with a significant impact can be “GDP”, “unemployment”, and “number of started flats”. It partially
corresponds to the results of Yang [12], where the influence of immigrant population, GDP, and
investment in residential buildings were observed. However, the influence of “net income per capita”
is not significant for land price changes in Olomouc as compared to results that were obtained by
Mou [10] in his analysis, which also includes the influence of average wages of employees on land
price in selected cities.

It is important to emphasize that the results presented in this study are based on a detailed data
set for one city: Olomouc. However, the studies mentioned above examine a selected group of cities,
and their results show that the significance, direction, and magnitude of the relationships between
selected factors can vary across cities [10]. For example, the impact of macroeconomic indicator GDP
varied from relatively strong positive to strong negative impacts on residential land price in different
cities in China, as observed by Yang [12].

Based on an analysis of master plans, Burian [40] explored the changes in several stable areas
in Olomouc (450 ha of agricultural land; 352 ha of housing areas; and, 128 ha of city parks and
public services areas). We assumed that these stable areas would have been linked to stable land
prices. Surprisingly, no long-term stable areas were found in the area of interest, with a 5% (or higher)
tolerance of change. There is a link, however, between price increase and some changes in the land-use
type in the master plan. This study shows that long-term rising parcel prices are seen mainly in the
suburbs, with their largest representation being in the residential south-eastern part of the city. Most
are located in areas marked by Burian [40] as the most variable localities. Two of them are represented
by commercial activities (Globus shopping centre in the Rep¢in cadastre and Santovka shopping centre
in the city’s centre).

In relation to the spatial analysis of the impact of different aspects, some valued parcels overlap
and a parcel may comprise several aspects (for example, parcels in the historical centre are included
in both residential area and urban conservation area categories). As evaluation was performed from
different points of view, this phenomenon cannot be avoided. This means that the differences in
price changes in individual categories are not so significant, however, the analysis offers a more
complex evaluation.

The overall assessment of total prices and their changes over the three time intervals revealed
some patterns in price map behaviour. The most conspicuous is the city’s historical centre: here,
we can see the highest long-term land prices, even in the period of decrease in prices. As we move
away from the city centre, prices gradually decreased. In the second interval of the monitored period,
the original spatial pattern disappeared as the value of peripheral parts of the city increased because
of personal housing construction. The temporal changes described in Chapter 3.1 are also reflected
in the spatial visualization. An overall decline in prices in most parts of the city, even in the most
expensive historical centre, was observed. Between 1993 and 2016, there was primarily an increase
of price; the decrease is particularly evident in some parts of the city, being affected mainly by the
environmental aspect of flood areas.

6. Conclusions

Land price sustainability issues have been analysed by other authors previously. Based on the
literature review, we discovered that only a few researchers had focused on an analysis of official
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land price maps, which are available very rarely. These maps are very significant documents that
influence and control the real estate market in the larger cities of the Czech Republic. For this reason,
we decided to perform an in-depth analysis of land prices of the city of Olomouc. Official land price
maps from 1993 to 2016 were used as the primary data source for temporal and spatial relationships and
changes in land prices in Olomouc. Spatial changes were analysed from three aspects of sustainability:
economic, environmental, and social. We proposed several research hypotheses to confirm some
general statements about land price changes.

The first research hypotheses concerned the link between changes in land prices and changes in
macroeconomic indicators. The results of the regression analysis and consequent changes of certain
variables for the observed period suggests the answer to this question is partially affirmative. Some
macroeconomic indicators had significant impact on the changes in land prices in Olomouc in the
period 2006-2016, but not in the case of all of the observed macroeconomic indicators. We can conclude
that the changes of land prices are influenced by a mixture of economic, demographic, and social
indicators. It is also important to highlight that the analysis is based on land prices in CZK per square
meter in Olomouc, calculated as a median of all prices of all land in Olomouc only. In case of using
different prices for different localities, the results can be more precise.

In the residential and commercial areas and historical centre, land prices are significantly higher
than in other monitored aspects. Overall price is dominated by the city’s historical core. From the point
of view of changes during the monitored period, part of the hypothesis can be rejected: no significant
growth in the commercial categories (represented here by the economic aspect) was revealed. The price
increase in three selected factors was quite low. Brownfields even showed a decrease in price. The
hypothesis concerning residential areas and the historical centre is valid: price changes were the
highest in the three monitored categories. Absolute price in residential areas, especially those located
in the historical centre, have been highest in the long term.

We assumed that there would be stable areas with no land price change that were comparable to
stabilized land-use. Based on our analysis, we conclude that no connection exists between land-use
stability and land price stability. Surprisingly, no long-term stable areas were found in the area of
interest. Parcels with changes in land-use type are located mostly in areas with a significant land price
increase (commercial areas).

The analysis confirmed that land price and its change over time varied in different spatial
aspects. Surprisingly, the smallest influence was reflected in the economic aspect. However, price
was significantly affected by land quality and its location within or outside the protected urban
conservation area, as discussed above. Regarding natural events in recent decades, we observed a
significant drop in land prices in the vicinity of watercourses that are threatened by flooding.

Author Contributions: Conceptualization, ].B., ].Z. and K.M.; Methodology, ].B., ].Z. and K.M.; Investigation, ].Z.,
B.K. and K.M..; Data Curation, B.K. and K.M.; Writing-Original Draft Preparation, ].B., ].Z. and K.M.; Visualization,
K.M.; Supervision, J.B.

Funding: The research was supported by the ERASMUS+ project no. 2016-1-CZ01-KA203-024040 and by the
Internal Grant Agency of Palacky University Olomouc (project IGA_PrF_2018_028).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hu,S;Yang,S.; Li, W.; Zhang, C.; Xu, F. Spatially non-stationary relationships between urban residential
land price and impact factors in Wuhan city, China. Appl. Geogr. 2016, 68, 48-56. [CrossRef]

2. Czech Statistical Office Average Salaries in Regions in 2018 [Priimérné mzdy—1. ¢tvrtleti 2018]. Available
online: https://www.czso.cz/csu/czso/cri/prumerne-mzdy-1-ctvrtleti-2018 (accessed on 5 October 2018).

3. Black, J.T.; Hoben, ].E. Land price inflation and affordable housing. Urban Geogr. 1985, 6, 27-47. [CrossRef]

4. Benirschka, M.; Binkley, ] K. Land Price Volatility in a Geographically Dispersed Market. Am. J. Agric. Econ.
1994, 76, 185. [CrossRef]

5. Sunega, P.; Lux, M.; Zemc¢ik, P. Housing Price Volatility and Econometrics. Crit. Hous. Anal. 2014, 1, 1.
[CrossRef]

272



Sustainability 2018, 10, 4831

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.

Colwell, PF; Munneke, H.J. The structure of urban land prices. J. Urban Econ. 1997. [CrossRef]

Liu, Z.; Wang, P.; Zha, T. Land-Price Dynamics and Macroeconomic Fluctuations. Econometrica 2013, 81,
1147-1184. [CrossRef]

Huang, D.; Yang, X; Liu, Z.; Zhao, X.; Kong, F. The dynamic impacts of employment subcenters on residential
land price in transitional China: An examination of the Beijing Metropolitan Area. Sustainability 2018, 10,
1016. [CrossRef]

Rosenthal, S.S.; Helsley, R.W. Redevelopment and the urban land price gradient. J. Urban Econ. 1994, 35,
182-200. [CrossRef]

Mou, Y;; He, Q.; Zhou, B. Detecting the spatially non-stationary relationships between housing price and its
determinants in China: Guide for housing market sustainability. Sustainability 2017, 9, 1826. [CrossRef]
Scott, J.T. Factors Affecting Land Price Decline. Am. |. Agric. Econ. 1983, 65, 796. [CrossRef]

Yang, S.; Hu, S.; Li, W.; Zhang, C.; Torres, ].A. Spatiotemporal effects of main impact factors on residential
land price in major cities of China. Sustainability 2017, 9, 2050. [CrossRef]

Del Giudice, V.; De Paola, P.; Manganelli, B.; Forte, F. The Monetary Valuation of Environmental Externalities
through the Analysis of Real Estate Prices. Sustainability 2017, 9, 229. [CrossRef]

Massimo, D.E.; Del Giudice, V.; De Paola, P,; Forte, F.; Musolino, M.; Malerba, A. Geographically Weighted
Regression for the Post Carbon City and Real Estate Market Analysis: A Case Study; Springer: Cham, Switzerland,
2019; pp. 142-149.

Simlai, P. Estimation of variance of housing prices using spatial conditional heteroskedasticity (SARCH)
model with an application to Boston housing price data. Q. Rev. Econ. Financ. 2014. [CrossRef]

Xu, Z.; Li, Q. Integrating the empirical models of benchmark land price and GIS technology for sustainability
analysis of urban residential development. Habitat Int. 2014, 44, 79-92. [CrossRef]

Marek, L.; Tucek, P; Paszto, V. Using geovisual analytics in Google Earth to understand disease distribution:
A case study of campylobacteriosis in the Czech Republic (2008-2012). Int. |. Health Geogr. 2015. [CrossRef]
[PubMed]

Lytras, M.D.; Visvizi, A. Who Uses Smart City Services and What to Make of It: Toward Interdisciplinary
Smart Cities Research. Sustainability 2018, 10, 1998. [CrossRef]

Visvizi, A.; Lytras, M.D. Rescaling and refocusing smart cities research: From mega cities to smart villages.
J. Sci. Technol. Policy Manag. 2018, 9. [CrossRef]

Fearn, J. Too Poor to Move, Too Poor to Stay. A Report on Housing in the Czech Republic, Hungary and Serbia; Open
Society Inst.: Budapest, Hungary, 2004.

Lux, M. Housing Policy and Housing Finance in the Czech Republic during Transition: An Example of the Schism
between the Still-Living Past and the Need of Reform; Delft University of Technology: Delft, The Netherlands,
2009; ISBN 1607500582.

Lux, M.; Sunega, P. The future of housing systems after the transition—The case of the Czech Republic.
Communist Post-Communist Stud. 2010, 43, 221-231. [CrossRef]

Musil, J. The Czech Housing System in the Middle of Transition. Urban Stud. 1995, 32, 1679-1684. [CrossRef]
Sklenicka, P.; Molnarova, K.; Pixova, K.C.; Salek, M.E. Factors affecting farmland prices in the Czech Republic.
Land Use Policy 2013, 30, 130-136. [CrossRef]

Temelovd, J.; Novak, J.; Oufednicek, M.; Puldovd, P. Housing Estates in the Czech Republic after Socialism.
Urban Stud. 2011, 48, 1811-1834. [CrossRef]

Hlavacek, M.; Komarek, L. Regional Analysis of Housing Price Bubbles and Their Determinants in the Czech
Republic. Czech J. Econ. Financ. 2011, 61, 67-91.

Dobiasova, S. Comparison of price maps of selected EU countries and the Czech Republic. Diploma Thesis,
[Srovnani cenovych map vybranych zemi Evropské unie a Ceské republiky]. Bankovni institut vysoka 8kola
Praha Katedra, Prague, Czech Republic, 2013. Available online: https:/ /is.ambis.cz/th/13xu6/Svatava_
Dobiasova_Diplomova_prace_2013.pdf (accessed on 5 October 2018).

Chrudimska, J. Innovation of Land Price Map of Olomouc City. Diploma Thesis, [Inovace cenové mapy
mésta Olomouce]. Univerzita Palackého v Olomouci, Olomouc, Czech Republic, 2010. Available online:
https://theses.cz/id/gdyrfu/127133-562522248.pdf (accessed on 5 October 2018).

Kotvarovd, B. Spatio-Temporal Analysis of Land Price Map of Olomouc City. Diploma Thesis, [Casoprostorova
analyza cenové mapy Olomouce]. Univerzita Palackého v Olomouci, Olomouc, Czech Republic, 2018.
Available online: https://theses.cz/id /9lciq2 /Kocvarova_text_prace.pdf (accessed on 5 October 2018).

273



Sustainability 2018, 10, 4831

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Kovatikova, V. Land Price Maps. Diploma Thesis, [Cenové mapy]. Bankovni institut vysoka skola
Praha, Prague, Czech Republic, 2012. Available online: https://is.ambis.cz/th/f402s /BP-cenove_mapy.pdf
(accessed on 5 October 2018).

Kubicek, J. Rents and the Land Price Relationship Based on the Price Map. Doctorate Thesis, [Vztah mezi
najemnym a cenou pozemku v cenové mapé]. VUT v Brné, Brno, Czech Republic, 2009.

Paszto, V.; Burian, J.; Macku, K. Mapping the Economic Data—Case Studies and Best Practices. In Proceedings
of the 17th International Multidisciplinary Scientific GeoConference SGEM 2017, Albena, Bulgaria, 29 June-5
July 2017.

Sindelatovd, K. Price Maps in Public Administration Practice. Diploma Thesis, [Cenové mapy v praxi vefejné
spravy]. Masaryk University, Brno, Czech Republic, 2009. Available online: https:/ /is.muni.cz/th/p570c/
DIPLOMOVA_PRACE_-_Cenove_mapy_v_praxi_verejne_spravy.pdf (accessed on 5 October 2018).
Realitymix Price per Square Meter to Buy Apartment. [Priimérna cena za 1 m2 bytu]. Available online: https:
/ /realitymix.centrum.cz/statistika-nemovitosti/byty-prodej-prumerna-cena-za-1m2-bytu.html (accessed
on 5 October 2018).

Czech Statistical Office Number of Inhabitants in Czech Municipalities. [Pocet obyvatel v obcich—k
1.1.2018]. Available online: https://www.czso.cz/csu/czso/pocet-obyvatel-v-obcich-see2a5tx8j (accessed
on 5 October 2018).

Ministry of Finance Decree No. 151/1997 Coll. [Zakon &. 151/1997 Sb., o ocetiovani majetku a o zméné
nékterych zakoni! (zdkon o oceriovani majetku)]. Prague, Czech Republic, 1997. Available online: https:
/ /www.zakonyprolidi.cz/cs/1997-151 (accessed on 5 October 2018).

Ministry of Finance Decree No. 3/2008 Coll. [Vyhlaska ¢. 3/2008 Sb., o provedeni nékterych ustanoveni
zakona ¢. 151/1997 Sb., o oceniovani majetku a o zméné nékterych zakonii, ve znéni pozdéjsich predpisii,
(ocenovaci vyhlaska)]. Prague, Czech Republic, 2008. Available online: https://www.zakonyprolidi.cz/cs/
2008-3 (accessed on 5 October 2018).

Land Price Map. [Cenova mapa]. Available online: www.cenovamapa.cz (accessed on 4 October 2018).
Burian, J.; Brychtova, A.; Vavra, A.; Hladisova, B. Analytical material for planning in Olomouc, Czech
Republic. J. Maps 2016, 12, 649-654. [CrossRef]

Burian, J.; Brus, J.; VoZenilek, V. Development of Olomouc city in 1930-2009: Based on analysis of functional
areas. J. Maps 2013, 9, 64-67. [CrossRef]

Czech Statistical Office Time Series—Selected Indicators for Olomouc Region. [Casové fady za Olomoucky
kraj]. Available online: https:/ /www.czso.cz/csu/xm/casove-rady-vybrane-ukazatele-za-olomoucky-kraj
(accessed on 5 October 2018).

Czech Statistical Office Statistics on Income and Living Conditions. Households by Labour Activity and size
of Municipality. [P¥fjmy a Zivotni podminky domacnosti—2017]. Available online: https://www.czso.cz/
csu/ czso/ prijmy-a-zivotni-podminky-domacnosti-rn2to6gtkz (accessed on 5 October 2018).

Czech National Bank Discount Rate Development. [Vyvoj diskontni sazby]. Available online: http://www.
cnb.cz/cs/faq/vyvoj_diskontni_historie.txt (accessed on 5 October 2018).

Zimmermannova, J.; Skalickova, J.; Siroky, J]. What can tax revenues tell us about the economic activity of
Regions? Econ. Sociol. 2016, 9. [CrossRef] [PubMed]

Burian, J.; Paszto, V.; Langrova, B. Possibilities of the definition of city boundaries in GIS—The case study of
a medium-sized city. In Proceedings of the 14th SGEM GeoConference on Informatics, Geoinformatics and
Remote Sensing, Albena, Bulgaria, 19-25 June 2014; Volume 3, pp. 777-784.

Nétek, R.; Voznilek, V.; Balun, M. Rich Internet Application for Crisis Management Support—Case Study on Floods
in Olomouc City; Springer: Cham, Switzerland, 2014; pp. 111-120.

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

274



a“r sustainability m\p\py

Atrticle

Geographical Assessment of Low-Carbon
Transportation Modes: A Case Study from
a Commuter University

Selima Sultana *, Hyojin Kim, Nastaran Pourebrahim and Firoozeh Karimi

Department of Geography, Environment, and Sustainability, University of North Carolina at Greensboro,
Greensboro, NC 27412, USA; h_kim34@uncg.edu (H.K.); n_poureb@uncg.edu (N.P.); f_karimi@uncg.edu (FK.)
* Correspondence: s_sultan@uncg.edu; Tel.: +1-336-334-3895

Received: 30 May 2018; Accepted: 30 July 2018; Published: 1 August 2018

Abstract: This case study examines the geographic variation in students’ low-carbon transportation
(LCT) modes to a commuter university campus. Three major goals are accomplished from this
research: (1) identifying commuting zones for the bicycling, walking, and transit mode choice for
UNCG students; (2) understanding whether the real vs. perception of space can be predictive
to mode choice; and (3) understanding the relative importance of demographic, psychological,
and logistic factors on students” mode choice, using a suite of variables developed in multiple fields.
Our analyses support the assertion that various physical, demographic, and psychological dimensions
influence LCT mode choice. While the presence of sidewalks is conducive to walking, the distance,
either perceived or actual, within 1.61 km from UNCG is the most important factor for walking
mode share. The bicycling commute is not associated with either the distance or presence of bicycle
lanes, while transit ridership most likely increases if students live >8 km from the UNCG campus
with the nearest bus stop within 1 km from home. Given the limited bicycle lanes in Greensboro,
students who commute to campus by bicycle are resilient to unfavorable bicycle conditions by sharing
the road with cars and adjusting their travel routes. Our findings also concur with previous studies
showing that bicycle commuters are disproportionately represented by self-identified whites while
bus riders are disproportionately comprised of self-identified non-whites. Our analyses support
Greensboro’s current planning and policy emphasis on low-carbon travel behaviors via equitable and
safe transit-oriented multi-modal infrastructures, and suggest that UNCG should utilize its influence
to advocate and further facilitate these ongoing efforts.

Keywords: low-carbon transportation; walk; bike; transit; built-environment; perceptions; UNCG;
Greensboro; North Carolina

1. Introduction

This case study intends to understand spatial variation of students’ low-carbon transport (LCT)
modes to a commuter university. The LCT such as walking, bicycling, and transit had always been
popular in the university and college campuses around the United States despite the domination
of automobile-oriented transportation since post-World War II [1]. The LCT has been, however,
receiving renewed attention in higher education campuses since the beginning of 21st century [2—4]
as a mechanism to reverse CO, emissions from auto-dominated commuting [5-7]. Automobile
transportation dependents on fossil fuels is the primary sources of CO, emissions and is growing at
faster rate than any other energy sector in the United States [8] mainly due to the unlimited desire for
personal mobility [9]. As part of the reversion process, a descent investment in LCT infrastructures has
been ongoing not only in American college and university campuses, but almost in every urban areas
of the United States [5,10-13].
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Understanding university students” commuting behaviors is steadily growing as well [14,15].
University communities that are built by incorporating LCT infrastructures, housing affordability and
mixed land-uses promotes travel benefits including lower automotive drivers [16] and higher LCT
users [7,14,17]. These studies, however, warned that the successful implementation of low-carbon
transport transition requires the careful consideration of the specific contextual factors such as
socio-cultural features of the examined campus and the corresponding urban built-environment
and transport network [18,19]. Given the fact that the passenger transport must needs to be
decarbonized sooner than later to reverse greenhouse gas emissions (GHG) [20] from university
campuses, further research is warranted for a deeper understanding of students’ commuting behaviors.

There is, yet, a lack of research in examining students’ low-carbon mode choice in a commuter
university campus [21], especially by using knowledge learned from different disciplines [22].
Commuter universities are different in many aspects, such as they may have a diverse range of student
population, including traditional (recent high school graduates to age 24) and non-traditional (25 years
or older), holding full-time or part-time jobs, and or may even raise a family. Each of the demographic
groups has preferred transportation modes resulting in complex travel patterns. These students are
also part of the transportation system and urban structure that may have inadequate infrastructure for
using alternative modes (e.g., [23]). Students in commuter campuses tend to have lower share of bicycle
and walking commuters to campus than universities located in college towns [14]. Hence, our case
study intends to contribute in the literature by combining a suite of variables relating to students’
commute collected at University of North Carolina at Greensboro (UNCG) campus. The campus
adopted a sustainability policy and Climate Action Plan to achieve zero net GHG emission goal by AD
2050, part of the American college and university campuses (ACUPCC) sustainable initiative [24,25].
The results of this research can be directly beneficial to strengthen policy and implementation of
strategies aiming at promoting low-carbon transportation behavior at this university or any similar
kind of places even after an individual owns a car.

2. Conceptual Framework

The research related to LCT has focused on two main issues: (1) barriers that prevent students
from utilizing LCT as a commuting option; and (2) policies and improvements of organizations that
can be used to mitigate these barriers.

2.1. Barriers Preventing People from LCT

2.1.1. Physical Environments and Practical Issues

A better infrastructure for walking and bicycling is associated with increase in such transportation
modes [26,27]. Many university campuses in the United States are trying to expand infrastructures for
LCT, yet they are not completely adequate for walking and bicycling to campus [14,17]. Cities where
universities are located lack in such infrastructures [23,27] and, hence, impeding connectivity in the
walking and bicycling networks [4,28]. Higher pedestrian and cyclist fatality rates in the U.S. remain
serious concerns for mode switching from car to LCT [12]. Crashes taking place on campus peripheries
tend to be more serious [29]. That said, there is also argument that students can select neighborhoods
with built-environment conducive to biking and walking if they prefer such transportation modes [14].
Other studies suggest that typical decision of individual mode choice is based on other relating
activities for the entire day [30]. For instance, a student may decide to drive to campus if she/he is
carrying stuff that are heavy or going to another destinations (e.g., work, child care) not served by
other transportation [14].

2.1.2. Distance, Time, and Space: Real vs. Perceived

The distance from living place to university is the primary factor influencing on walking and
bicycling to campus (e.g., [15,17,31,32]), but the optimum distance for such transportation mode choices
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for university students are less understood. Shannon et al. [31] confirmed based on an Australian
university campus that the proportion of students utilizing bicycling and walking for trips within
one-kilometer of campus were twice that of students living more than one-kilometer from campus.
Walking drastically declined beyond one kilometer from the campus and few students bicycled beyond
eight-kilometer from campus. Based on two urban universities in Spain, Chillon et al. [32] determined
the distance thresholds for walking and bicycling: 2.6 km and 5.1 km, respectively. In contrast,
Zhou [14] did not find any correlation between commute distance and students’ biking in University
of California—Los Angeles, USA. Distance between home and the transit stop, usually less than a
kilometer is also associated with transit use [33]. Individual’s time constraints is another significant
barrier for students’ choice of LCT to campus [4], regardless of distance.

Recent research on general adults suggests a mismatch between measured (actual) and
self-reported (perceived) distance to activities [34]. Relatively little research of this sort has been
conducted among university students. Research examining the role of perceptions in travel behavior
found that not only actual distance, but also people’s perceived distance has an impact on walking
and bicycling [35,36]. Use of bicycle as commute mode increases if people think they live ‘near
enough’ [37,38]. Similarly, perception of car as a necessity to save travel time results in the increased
car use [38-40]. That said approximately two-thirds of the population in Amsterdam, The Netherlands
would consider riding public transport if the perception of travel time for public transportation was
accurate [41]. The amount of ‘near enough’ or ‘too far” in distance varies significantly and the perceived
distance seems to be a stronger deterrent in the adoption of bicycle transportation than the actual
distance [42,43]. Clearly, resistance to travel by walking or bicycle increases disproportionately with
distance and time—either perceived or actual—due to the physical effort these modes require.

Individuals’ perception of distance and lack of time not only affect LCT travel behavior,
the perceptions on the safety in their neighborhoods can be also a deciding factor for potential
alternative mode shares [23,44]. Traffic patterns, themselves, can affect the perception of an area and
mode choices [45]. Local areas congested by traffic and excessive parking create a more negative
perception of the neighborhood among residents as either walkable or bicycleable [28]. Perceptions are
difficult to quantify accurately, but there is a direct connection between how an area is perceived
and residents” willingness to engage in walking and bicycling [12,38]. Individuals are more likely to
perceive the area as bikeable if there are high numbers of cycle commuters in an area [17,46].

2.2. Policies and Interventions to Mitigate LCT Barriers

Significant policies such as high-density built-environment around and within commuter shade
areas [47] of a campus with well-connected and wide sidewalks and bicycle environments have
been discussed [7,45]. To some extent these policies are implemented, yet there is limited success
in changing university students’ mode choice, particularly in increasing bicycling commute [4].
Some studies (e.g., [37]) suggest that monetary incentives, not availability of facilities, is more
significant in encouraging bicycling. For instance, Zhou [14] found that specific services such as
affordable housing and proximity to a bus line are incentives for students” alternative mode choices.
Since availability and affordability of parking spaces encourages car use, strategies for reducing
parking spaces are discussed, including raising parking prices to a point when affordability can be an
issue for students [15,48]. This program is criticized for being ineffective to higher income students
and the possible long-term impact on students’ enrollment, especially in commuter campuses [40].

Significant interventions approaches are also discussed [12,17] such as free transit systems in
changing students’ automotive travel habits. Students at the University of Giessen in Germany
were provided prepaid bus tickets as an intervention method to alter students’ habitual travel for a
longitudinal analysis [49]. This study found that prepaid bus tickets increased positive perception
about transit and, hence, concluded that habitual car users may switch to alternative modes by
implementing appropriate interventions. However, others argue that earlier travel habits continue if
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circumstances do not change substantially [50] and, therefore, removing barriers is more effective than
promoting the benefits of modal change from automobiles [14,31].

2.3. Sociodemographics, Psychological, and Environmental Perceptions

Socio-economic characteristics, such as age, race, gender, income, home and car ownerships also
have an impact on university students” commute mode choice [7,51] and their magnitude can be larger
than urban built-environment characteristics [40]. Studies, however, reports that today’s university
students are less likely to own a car and more likely have positive attitudes towards using alternative
LCT modes [16,52-54]. Gender makes a large difference in cycle commuters, as female university
students more likely to avoid this mode [7,15]. Additional transportation research conducted by social
psychologists shown that car use habits, perceived mobility needs, and pro-environmental behaviors
affect university students” mode choice [45,49]. LCT commuting is often determined by an individuals’
desire to receive health and environmental benefits from such modes, especially for longer distance
travel [55], and this choice is independent of car ownership [31,56].

2.4. Summary

While previous research from various disciplines made significant contributions in understanding
the complexity of low-carbon transportation modes choice, there is a lack of integrative approaches
for understanding this topic [57]. At the same time it is essential to examine this topic from a spatial
context such as built-environments and sociodemographic characteristics of corresponding campus for
the successful transition of low-carbon transport. The conceptual framework of this case-study is, thus,
based on variables identified in various disciplines and local context (Figure 1).

Figure 1. Theoretical framework of mode choice.
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3. Study Site, Data, and Methodology

3.1. Study Site

The UNCG, the third largest campus of the UNC system, has mandated to be carbon neutral by
AD 2050 [24] and is selected for our study site. It is an urban campus located approximately one mile
SW of downtown Greensboro, NC (Figure 2) and is known as largest commuter campus (215-acre
campus) in the Piedmont Triad Area. During the academic year 2016-2017, the campus has more than
19,922 students and 2500 faculty and staff [58]. The undergraduate students represent a diverse group
of populations; over 40% of students are from underserved populations, and many are first-generation
students and hold full-time or part-time jobs.

® UNCC Travel Survey Participants

IEENE V4N —— Bike Routes

GTA Bus Routes

Sidewalks

J— - Central Business District
o L
) - UNCG Campus
B
L : 4 0.5‘:‘:_1 sk :\: \ Greensboro City Limit
L

Figure 2. City of Greensboro, NC with participating students’ residential locations.
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The campus has been recognized a as one of the best bike-friendly university campuses in the
United States [59]. These recognitions confirm that the campus is well-connected with bicycle and
walking networks, as well as with the local public transit system, the Greensboro Transit Authority
(GTA) (Figure 2). A number of alternative transportation modes, such as LimeBike bicycle-sharing
program carpooling, car-sharing, emergency ride-home programs, zip car rental program, and priority
parking for low-emissions vehicles are available. Greensboro, where the university is located, is a
fast-growing city that is anticipating its future transportation needs with a transit-oriented (TOD)
multi-modal transportation network to promote transit, bicycling, and walking as alternative modes of
transportation for the residents [60]. Despite having an active bicycle advocacy group in Greensboro,
it has a limited bicycle network [61], sidewalks, and transit service.

3.2. Data and Procedures

A web-based survey was designed to collect data for this case study. The human-subject
approval for this survey was obtained from the UNCG office of the Institutional Review Board
(IRB). Undergraduate students were targeted to collect data since this group commutes more than
graduate students. Survey participants were invited through emails, which were collected from the
University Registrar’s Office. Participation in the survey was voluntary. The students were asked to
provide their current residential address or the names of the nearest intersecting street to respect a
certain level of privacy. They were also asked to provide their age, race/ethnicity, income including
their parents’ income, employment status, car ownership or access to car, mode of transportation to
campus, and housing information (rental or student ownership). Additionally, a series of questions
were asked regarding individual perceptions and attitudes on transit facilities, bicycling, and walking
to campus, and environmental beliefs using a five-point Likert scale.

A total of 2274 students participated in the survey, but not everyone answered all the
questions. Records with missing values are excluded wherever it is appropriate for the analysis.
Digital representation of the Guilford County street network, bus routes and stops, sidewalks,
and bicycle routes were obtained by contacting the city of Greensboro GIS department. A bike
accident location shape file was collected from the Greensboro Department of Transportation
(GDOT) [62]. Survey participants who provided their home addresses are geocoded to capture
the spatial /geographic features of each student’s location. A total of 700 (about 98% of sample size
who provided their addresses) addresses were geocoded correctly. Of 700 samples, 570 addresses
are within the city of Greensboro, the home of the UNCG (Figure 2). The variables that represent the
spatial characteristics or physical built-environment at students” home locations are interpolated at
a raster grid (with 100 m x 100 m cells). These variables are: population density, length of sidewalk
and bicycle lane, and network distance from students” home locations to bus stops and to campus.
The calculated values are then assigned to each student record. For the purpose of this research,
the city limits constrict the study site to designate the probable extent of transit, bicycle, and walking
transportation. The public transportation, such as GTA or Heat bus, do not provide services outside the
city limits. Similarly, there are no designated bicycle routes outside Greensboro, nor a single sidewalk
outside Greensboro connected to the campus.

The city of Greensboro was then divided into five transportation zones based on factors such as
network distance, access to bus routes, and bus stops (Figure 3). Zone 1 represents less than 1.61 km
or 1 m from UNCG, zone 2 represents more than 1.62 km to less than 3.33 km from UNCG, zone 3
represents 3.34 km to less than 8.0 km distance from UNCG + less than 1 km from the nearest bus
stop, Zone 4 represents distance more than 8 km from UNCG + less than 1 km from the nearest bus
stop, and zone 5 represents distances more than 8 km from UNCG + more than 1 km from the nearest
bus stop. Student populations are then aggregated by these five zones and all these calculations are
performed in ArcGIS 10.00 Network Analyst (ESRI, Redlands, CA, USA).
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Figure 3. UNCG network zones with survey participants” home locations.

Additionally, Walk Score and Bike Score at each student’s location were collected from the website
https:/ /www.walkscore.com/ to capture additional walkable and bikeable potentials at students’
home locations. A number of studies used Walk Score and Bike Scores for studying the relationship
between walkability and walking [63] and bikeability and bicycling behavior in urban areas [64].
The Walk Score website also offers transit score as measurement of transit accessibility at a location,
but Transit score data for Greensboro area is not available for each student’s location. Therefore, we did
not include transit score in our analysis. Both Walk and bike Scores range from 0 to 100, where 0
means no walkability and bikeability; whereas, 100 means highest possible walkability and bikeability
an area can have. Accessibility and street connectivity from an origin to number of destinations or
amenities (e.g., public transport, restaurants, shopping, parks/green spaces, and schools) are taken
into consideration for calculating both walk and bike scores. The Walk Score index is calculated
based on the connectivity and distance to destinations. The maximum points are allocated in an
address if destinations are within a 5-min of walk or within 0.25 m and no points are allocated if
destinations are outside 30-min walk. Similarly, in addition to street connectivity to destinations,
bike infrastructures such as bike lanes, trails, hills /topography, and the number of bike commuters
are taken into consideration for calculating Bike Score. Variables that are selected for the analysis are
presented in Table 1.
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Table 1. Selected variables for analysis.

Socio-Demographic Characteristics

Age
Race: White = 1; 0 = All Other
Gender: Female = 1; Male = 0
Fulltime: Fulltime = 1; Part-time = 0
Total income
Car ownership: Yes =1; No =0
Home ownership: Own = 1; Rent = 0

Physical Characteristics at Students” Home Locations

Walk score
Bike score
Distance from campus
NetZonel = 1; All other =0
NetZone2 = 1; All other =0
NetZone3 = 1; All other =0
NetZone4 = 1; All other =0
NetZone5 = 1; All other =0
PercievedZonel = 1; All other =0
PercievedZone2 = 1; All other =0
PercievedZone3 = 1; All other =0
PercievedZone4 = 1; All other = 0
Length of sidewalk; Sidewalk ratio
Length of bike lane; Bike lane ratio
Population density
Bus stop distance from home
Number of bike accidents; Number of pedestrian accidents

Psychological Variables: Habits, Beliefs, Attitudes, and Perceptions

Convenience to UNCG is the primary reason for home location: Yes = 1; No = 0
Affordability is the primary reason for home location; Yes = 1; No =0
Like to be physically Active: Yes =1; No =0
Bike for transportation: Yes =1; No =0
Walk for transportation: Yes = 1; No =0
Saving time is the most important reason for driving to campus: Yes = 1; No =0
Obstruction for walking /bicycling 1: Too many things to carry = 1; All Other = 0
Obstruction for walking /bicycling 2: Too many cars on the street = 1; All Other =0
Obstruction for walking /bicycling 3: Unsafe street crossing = 1; All other = 0
Obstruction for walking /bicycling 4: Traffic is too fast = 1; All other =0
Obstruction for walking /bicycling 5: No bike path = 1; All other =0
Obstruction for walking/bicycling 6: No side walk or bad condition = 1; All other = 0
Obstruction for walking/bicycling 7: Too busy to walk = 1; All other =0
Obstruction for walking/bicycling 8: Not enough light on street at night = 1; All other =0
Consider myself an environmentalist: Yes = 1; No = 0
Willing to move close to campus for reducing GHG emission: Yes = 1; No =0
Willing to move close to campus for reducing travel time and cost: Yes = 1; No = 0

4. Results

4.1. Socio-Demographic Characteristics of Participating Students

A total of 570 survey participants, who live within the study area (see Figure 3), are majority
full-time, traditional—age below 25 years old, female, and non-Hispanic white students (Table 2),
which are good representations of UNCG student populations. While many respondents live on
or near campus, the geographic distribution of students’ residential location is dispersed: 23.9% of
students are living in zone 1 (less than 1.61 km or 1 m from UNCG campus), another 13% lived in zone
2 (more than 1.62 to less than 3.33 km from the UNCG campus). Therefore, only about 37% student
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live within less than 3.33 km distance from the campus (Figure 3 and Table 2). Another 23.5% live in
zone 3, which range distance between 3.34 km to 8.0 km from the campus. Students (39.6%) who live
beyond 8.0 km distance from the campus (zones 4 and 5), only 12.8% has access to a bus stop less than
1 km distance from their home.

Table 2. Survey participants’ basic demographic, location, and transport characteristics.

Respondents Percent Valid Total Valid

Basic Characteristics of Students ) Respondents Sample (N) Missing
Full-Time 476 90.5 o o
Student status Part-Time 50 95 526 (92.3%) 44 (7.7%)
Traditional Students (<25 years old) 336 62.7 o o,
Age Non-traditional (>25 years old) 200 37.3 536 (94%) 34 (6.0%)
Male 150 28.1 ) )
Gender Female 384 71.9 534 (93.7%) 36 (6.3%)
White 363 68.1
Black/African American 72 135
Race/ethnicity Asian 36 67 534(93.7%) 36 (6.3%)
Hispanic 12 22 : :
Multicultural 23 43
Native Am, Pacific Island & other 28 5.2
Students’ <25K 363 70.1 o
income 25K 152 295 515 (90.4) 55 (9.6%)
Parents’ <50K 107 575 o o
PR S20K p P 186 (32.7%) 384 (67.3%)
Yes 446 782 o
Owned car/s No 124 218 570 (100%)
- 1(<1.61 km) 136 239
Z;;Zirz‘sx)“rk 2 (>1.61 km, >3.22 km) 74 13.0 570 (100%)
distance from 3 (>3.22 km, <8 km + <1 km from bus stops) 134 235 ©
campus) 4 (>8.1 km + <1 km from bus stops) 72 12.6
P 5 (>8.1 km + more than 1 km from bus stops) 154 27.0
Walk 96 194
Dominant Bike 27 55
travel mode to Drive Alone 316 63.8 495 (86.8%) 75 (13.2%)
campus Carpool 27 55
Transit and Other 29 5.9

It is not a surprising that the majority of students (78.2%) reported owning at least one car—a
statistic that represents American car culture well. Of 515 students who reported their own income,
70% of them have less than $25,000 annual income. Only 32% student body reported their parents’
income and, of them, 58% student body came from households whose parents make less than
$50,000, which is well representative of socio-demographic characteristics of UNCG students’ body.
Of 87% students reported their dominant/primary mode of transportation to campus, 19.4% walked,
while 5.5% biked to campus regularly. Another 5.9% students used transit and other form of
transit predominantly. Approximately 64% identified their predominant transportation mode as
single-passenger vehicle while 5.5% reported carpooling (Table 2).

4.2. Distance and Modal Splits

Figure 4 shows the proportion of modal split by network zones. Modal split differences by zones
are statistically significant with a chi-square value of 224 and p < 0.001. Walking is the dominant
transportation mode in Zone 1 (1.61 km or 1 m from campus) (Figure 5), about 60% of all modes,
while car driving makes about 25% of all modal choices in this zone. The walking mode share drastically
declines in zone 2 (Figure 5)—only 22% of commuters in this zone walk to campus, while driving
alone makes up more than 50% of the modal share in this zone. The walking mode share continues
to decline in zone 3 and becomes non-existent in zone 4, the proportion of the walking mode share
slightly increased in zone 5, which is surprising to us. Bicycling comprises about 10% of the modal
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share both in zones 1 and 2 (Figures 4 and 5), but its share continues to decline in zones 3 and 4,
and then slightly increases in zone 5.

90%
B Walk M Bike

80% Transit Caroool

70% H Drive Alone

60%

50%

40%

30%

20%

10%

0% I I [ [ - im

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Network zones

Figure 4. Proportion of modal splits by transportation network zones.

While the proportion of the transit mode share is low in zone 1, the largest modal share by transit
is found in zone 2, about 12% of all modes. It slightly goes down in zones 3 and 4, and then drastically
goes down in zone 5 (Figures 4 and 6). Many places in zone 5 have limited transit access to students
within a kilometer from bus stops (Figure 6). A small percentage of the modal share by carpool (about
2-5%) is found in all zones, but carpools do not seem to take-off slightly until zone 3, which makes up
about 10% of the modal share in this zone and the highest of all zones. Given the American car culture,
it is not surprising that cars steadily make up the dominant mode share, somewhere between 75% and
85%, for zones 3, 4, and 5 (Figure 4).

284



Sustainability 2018, 10, 2696

LT
FaN. 'S

Dominant Travel Made to Campus
@ walk
@ Bike
[/ UNCG Campus
[EZ2] centran Business District
=eessemn Bike Lanes
Street with Sidewalks

Zones

I vone
[ Zone2
| zmes
[ zones
| Zones

* Transportation Zones
Zone 1:1ess than 1.61 km from UNCG

Zone 2: 162 ki t0 3.33 km from UNCG
Zone 3: 334 km (0§ km [rom U

./ Zone = more than 8 km from UNCG &

Less than Tkm from the nearest bus stop
Zone 5: more than & km from UNCG &
more than Tkm from the neares| bus slop

[ 05 1 Kilometers
|

Zones
I vonen
0 zone2
L]
[ zones
| Zones

Dominant Travel Mode to Campts

ne 3

®  Transit
Bus Stops

©  GTABusSlops
City Limit

[ ] Greensboro city

¥¢  Central Business District

[®  UNCGCampus

* Transportation Zones
Zone 1 s than 1.61 km from UNCG
Zone 2: 1,62 kan (0 333 km Lrom UNCG
Zone 3: 334 kin to § km from TNCG
Zona4: more than § km from UNGG &
less than Lk from the nearest bus stop
Zone 5: more than § km [rom UNCG &
more than 1k from the nearest bus stop

0 15 3 Kilometers
|

Figure 6. Geographic locations of transit riders with bus stops.
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4.3. Modal Choice by Actual vs. Perceived Distance

Figure 7 shows proportion of each mode choice based on individuals” actual distance (AD) vs.
perceptive distance (PD) to identify whether perceptive distance makes any difference on mode choice.
The AD is calculated using the network distance and PD is measured based on students’ selected
answers in a survey questionnaire on how far from campus they live. All the differences in the mode of
transportation and zones are statistically significant with a chi-square value of 210 and p = 0.001 (results
are not shown in table). Of all regular walking commuters (19.4% students), 75% live within AD zone 1
and only 14% live within AD zone 2 (Figure 7), which are consistent with what Shannon et al. [31] have
found among Australian university students. The perceptive distance (PD) seems to have different
outcomes on walkers. The proportion of walking commuter is higher if students thought they lived
within 1.61 km, or 1 mile, from campus compared to the actual distance, 92.7% vs. 75%, respectively.
In contrast, none identified themselves as walking commuters if students thought they lived beyond
8 km, or 5 miles, from campus, whereas 6.3% of the walking commuters, in fact, lived at this distance
in zones 4 and 5 (Figure 7).

120
HZonel mZone2 mZone3 mZone4 mZone5

100

40

% Commuters

PD AD PD AD PD AD PD AD PD AD
Walk Bike Drive Alone Carpool Transit

Figure 7. Mode choice by actual distance (RD) vs. perceived distance (PD).

Of the small percentage of survey participants who use bicycles as the primary mode of
transportation to campus (5.5%), 44% live within AD zone 1, followed by 22% in AD zone 2, and then
it gradually declines in AD zone 3 (15%) and slightly rises again in AD zone 5 (19%) (Figure 7).
In contrast, self-identified bike commuters are substantially higher (about 8% more) if students thought
they lived in PD zone 1. Similarly, fewer students identified themselves as bicycle commuters (11%
vs. 19%) if they perceived that they lived beyond 8 km (PD zone 4) from the UNCG campus (AD
zones 4 and 5). While a majority of walking and bicycle commuters lived within AD zones 1 and 2,
within 3.3 km from UNCG campus, 98% of all walkers and 74% of all bicycle riders perceived that they
lived within 3.3 km from campus. In reality, 89% of all walkers and 66% bicycle riders actually lived
within these zones (Figure 7).
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Of all transit users (about 6%), the proportion of transit riders (about 10%) is lowest in AD zone 1,
but it rises in AD zones 2 and 3. The largest percentage of transit users (35%) are found in AD zone 3
(Figures 6 and 7). Transit users continue to decline in AD zones 4 and 5, 17% and 10%, respectively.
In contrast, transit commuters are substantially higher if students thought they lived beyond 8 km
(PD zone 4) from campus than the real distance, 41% vs. 27%, respectively. Similarly, of all carpool
commuters (5.5%), a majority (44.4%) of all carpoolers live in the AD zone 3 (Figure 7), but only 22%
carpoolers thought they lived in this zone. While only 41% carpoolers lived in AD zones 4 and 5,
which is 8 km from the campus, 53% of carpoolers thought they lived beyond this distance. Similarly,
the proportion of driving alone is substantially higher if students thought they lived beyond 8 km from
campus. Clearly, there are mismatches in modal shares between perceptive and objective distances
as the perception of closeness in distance increases the motivation of using walk and bike modes.
The perception of higher distance increases the car, carpool, and transit uses to the UNCG campus.

4.4. Barriers for LCT

In order to assess the major perceived (or real) barriers on the pedestrian and bicycling networks
for those students who were not walking or bicycling to campus, the survey included such questions.
The participants are allowed to choose more than one reason. A total of 353 participants responded
to this question and the results are shown in Figure 8. The most cited reasoning for not walking or
biking to campus is “I have too many things to carry”, followed by “too busy to walk”. The first
answer is consistent with the logistic concept as resistance to travel by walking or bicycling increases
disproportionately if there are too many things to carry due to insufficiency of those modes or the
inconvenience that they create. The later selection is consistent with the “law of constant travel time”
which demonstrates that commuters always try to minimize travel time and will change modes in
order to save time (e.g., [65]). Individual’s perceptions about their environment are the second largest
reasoning for discouragement of low-carbon mode choices, such as concern about the speed and the
number of cars on the street, the lack of sidewalks, concern about the safety of intersections/street
crossings, and not enough lights at night.
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Figure 8. Reasons for not walking or bicycling to campus.
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The following question was also posed to non-LCT commuters: “What would motivate you to
ride a bike?” Few responded to this question, and of those the majority respondents said that living
closer to campus would be a major factor in their transportation choice. Others listed either separate
bike paths from the street as a component, or bike paths along the street. Only one person expressed
that he/she would never switch modes. Survey participants were also asked the reasons for not using
transit. Very few students participated in this question, but most of them viewed transit as unreliable
and unsafe. While one student stated, “[the] bus is not dependable to get me to class on the hour or on
the half hour”, another stated “public transportation is bad and I am busy and can’t wait for [the] bus.
PART bus does not run late enough for evening classes”. Concern over the safety of the transit service
is mostly associated with students for nightly classes. “I work late nights on campus and I didn’t feel
safe waiting around for public transportation to pick me up” and “I drive to my night class because I
do not like to walk back to my apartment in the dark, not enough street lights and it doesn’t feel as
safe as it does in the day time” are examples of students’ responses. Clearly, our data supports that
reliability in transit service would motivate students to use transit more. Since 40% of those surveyed
responded live at least 8 km from campus (see Table 2), it is safe to say that the majority of students
would be more than willing to use LCT if they find it safe and practical (e.g., run on time) for their use.

4.5. Predictive Modeling

A binary logistic regression model is estimated for each mode of LCT: walking, bicycling and
transit. Binary logistic regression is well suited for this analysis since this research is interested in
identifying risk factors by odd ratios (OR) for each travel, yes vs. no, while controlling for all other
explanatory variables in the logistic model. Public transit is included in LCT under the assumption
that the user will have to walk or bicycle at both ends of the journey to reach the public transport
“nodes” or stops [31]. At the same time transit produces significantly lower CO, emissions than
cars [66]. While carpooling represents more energy savings than solo-driving, both models are
important for understanding the barriers of LCT and, hence, carpooling and solo-auto commuter
models are also estimated. The forward conditional method for logistic regression is performed using
IBM SPSS 25 developed by SPSS Inc. located in Chicago, IL, United States. The best models with
statistically significant explanatory variables (at o« < 0.05) for each commute mode is shown in Table 3.
While perceived zones have more explanatory power than real network distance (results are not shown
in this paper), we used real distance for logistic purpose since locational variables, such as distance
from the bus stops, sidewalk length and ratio, and bicycle length and ratio variables are associated
with real distance, not with perceived distance.
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4.5.1. Walk

The walk model is correctly able to predict a 69% variation of walk commutes to UNCG (Table 3).
The odds ratio of NetZonel vs. all other zones are 8.491, meaning that the odds of walking commuters
increases by 749% with each percent increase of additional students in zone 1, which is within 1.61 km
form the UNCG campus,. An increase in sidewalk ratio at students” home location increases the odds
of walking to campus, too. The most importantly, the odds of walking increase 633% if students are
habitual walkers for their transportation needs. Similarly, the odds of walking increase by 322% if
neighborhoods are self-selected by the students for convenient access to the campus. Interestingly,
a higher distance from a bus stop to the home location increases the odds of walking to campus.
In contrast, the odds of walking to the campus decrease if students have too many things to carry and
if they perceived street crossing was unsafe. Similarly, student’s car ownership decreases the odds of
using such mode.

4.5.2. Bicycle

The bicycle model explains a 32% variation in bicycle mode choice, which is lower than the walk
model (Table 3). This may be due to the small bicycle riders’ sample (1 = 27) in the data. White and
more physically active students are more likely to engage in bicycling to campus. For example,
an individual who self-identified as white is seven times more likely to bike to campus, while student’s
car ownership decreases the odds of using such mode 81%. The odds of bicycle commute increase
almost five times if students like to be physically active, while the odds of bicycling decrease 77% if a
student perceives a car would be faster to commute to UNCG than riding a bicycle. It is no surprise
that the odds of bicycling also decreases 91% if an individual has many things to carry.

4.5.3. Transit

The transit model is correctly able to predict a 22% variation of transit commutes to UNCG
(Table 3). Given the fewer transit riders in the sample (1 = 23) (Figure 6), such low predictability of
the model is not unusual. Individuals living in zone 4, which is >8 km from UNCG + <1 km from
the nearest bus stop, are 3.35 times more likely to ride transit to campus than students living in any
other zones. In contrast, the odds of riding transit decrease 73% if anyone chose their transport mode
based on the perception that car would be faster. Similarly, car ownership decreases the likelihood of
transit commuting. Self-identified white individuals are also less likely to ride transit than any other
racial/ethnic groups.

4.5.4. Carpool

The carpool model explains a 12% variation in mode choice, which may be due to the lower
(n = 27) sample size (Table 4). Individuals living in zone 3, which is between >3.2 km and <8 km from
the UNCG + <1 km from the nearest bus stop, and zone 4, distance >8 km from UNCG + <1 km from
the nearest bus stop, have greater odds (4 and 3.37 times, respectively) to carpool than living in any
other zones. While a higher distance from the bus stop increases the odds of carpooling, car ownership
decreases the odds of carpooling.
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4.5.5. Solo-Driver

The solo automobile commuters” model is correctly able to predict a 58% variation of mode choice
to UNCG. The two most influential variables that increase the odds of the solo-auto mode choice
are car ownership and individuals having many things to carry (15 and four times, respectively).
Similarly, individuals living in zone 5, at a distance >8 km from UNCG + >1 km from the nearest bus
stop, and those who perceive car as a faster mode choice are three times more likely to be solo-driver.
In contrast, individuals living in zone 1, want to live close to campus, and walking for transportation
decrease the odds of solo-driving.

5. Discussion and Conclusions

This case study examines geographic variation of students’ low-carbon transportation (LCT)
choice to a commuter campus by integrating a suite of variables developed in multiple disciplines.
The LCT mode shares are impacted by various physical, demographic, and psychological dimensions.
First, while physical environments are the most important factors for walk and transit commute,
bicycle commute is not dependent on such factors. Distance (1.61 km from campus) either perceived or
real is the most important factor for walk commuter, while transit ridership is most likely increases if
students live >8 km from UNCG campus with nearest bus stop within 1 km from home. Sidewalk ratio,
as well as the increase in distance from bus stops, increase the odds for walking. The later factors
suggest that students rather walk to campus if distance between home and bus stops are more than
1 km. In contrast, bike score or bike lanes do not have significant impact on bicycle commuters,
nor the distance from the campus. This is consistent with Zhou'’s [14] finding suggesting no
correlation between commute distance and students’” biking to UC-Los Angeles. Given the limited
bicycle lanes in Greensboro, this is no surprising. Students who commute to campus by bicycle are
resilient to unfavorable bicycle condition by sharing the road with car and adjusting their travel
routes [56,67]. Solo-auto driver most likely increases 15 times in commuter zone 5, where no bus
service is available and the area is outside 8 km from campus, while less likely decreases in zone 1.
Clearly, the relationship between the built-environment and solo-driving and built-environment and
walking have opposite effects.

Second, while socio-demography has no significant impact on walk mode choice,
bicycle commuting is heavily impacted by such factors. Self-identified white students are 200%
more likely to ride a bike and 75% less likely to take transit to campus. Car ownership has a negative
impact on both bicycle and transit mode shares, but not for the walking mode choice since walking is
heavily dependent on the 1.61 km distance threshold. While race does not make any difference on solo
driving commuters, car ownership increases the greatest likelihood of such commuters that include
carpooling. Our findings are in line with past studies that identified cycle commuters are more likely
white middle class [68], and bus riders are low-income non-whites in the USA [54,69].

Third, psychological factors, such as perceptions, motives, habits, beliefs and attitudes have a
significant impact on LCT. While we could not include perceptive zones in our models for logistic
purposes, our cross-tabulation analysis and walking model (not presented in the Results section)
with perceived zones show that students walk greater distances if they perceive that they live within
1.61 km from campus. Our research finds that not only the actual distance, but also people’s perceived
distance has an impact on walking and bicycling [36,38,42]. While safety concerns about street crossing
decrease the odds of walkers, there is no significant impact on such a perception of space for bicyclers.
Habit is an important factor for mode choice. For example, having a walking habit increases the
likelihood of walking. Students who are habitual walkers for meeting transportation needs are more
likely commute to campus by walking. In contrast, the decision to cycle every day is affected by the
direct benefit factor [55]. For example, our findings suggest that bicycle commuters are motivated
heavily by their willingness to remain physically active or the joy of riding it [56]. The odds of both
bicycle and transit commuters decrease if individuals have to carry many things and the perception
about a car as a necessity for faster mobility needs increase.
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Fourth, while this research does not compare transportation modal shares between university
towns vs. commuter urban universities, underrepresentation of cycle and transit commuters in the
study sample might be an indication of lower share of bicycle and transit commuters at UNCG.
Additionally, given the distance from campus is the most important factor for the share of LCT mode,
which is consistent with earlier mode-choice research, it is not unlikely that a commuter university like
UNCG will have a lower level of LCT. Most importantly, this research supports that perceived space
and faster mobility necessity are more influential than actual distance and mobility needs [31,39,70].
Similarly, this research supports the self-selection hypothesis, which demonstrates that students can
locate closer to campus if they prefer to LCT mode.

Fifth, given that the majority of our participants are female, and the small sample size for bicycle
and transit users, our models have some limitations in this study. Some important variables did not
enter in the models due to their insignificant relationships with LCT, but we think this is because of
the small sample size. Therefore, they are worthy of discussion. For example, unlike past studies
(e.g., [15,71]), our analysis did not give an indication that being female, or more bicycle and pedestrian
accidents are associated with lower level of LCT mode shares. A higher population density seems to
make slightly positive differences in the walk mode, but shows negative association with the bicycle
mode. These variables should be considered seriously for further study with larger sample sizes
because of their direction of relationships in our analysis. Similarly, pro-environmental behaviors seem
to slightly positively affect the LCT mode. Further, this research did not collect data for students” year
at college (e.g., sophomore, freshman, senior. etc.). We think the length of time students have been in
college affects their familiarity with the area, as well as the degree to which they have been exposed to
diverse social, political, and environmental ideals, which may impact the mode choice. Our research
also did not have data about the time of students’ classes, or destinations after classes. These variables
should be considered seriously for further study.

Finally, although this analysis has limitations, the results presented here have important
implications for commuter campuses, like UNCG or non-student communities. While energy-saving
technologies, such as electric or hybrid cars, can play an important role in transitioning to low-carbon
transport, it may not be realistic to expect to address the challenge of CO, emissions rapidly enough
with this technology [72]. Alternative-fuel vehicles (AFVs) are already established in the market,
but refueling infrastructure for these types of vehicles is still in its initial stage in most places and has
limited consumer acceptance [73]. Even though a new AAA survey finds 20% of Americans thinks
their next vehicle will be an electric car, most Americans cannot afford a new car [74]. While zero
emission car development technology may be environmentally beneficial, at the same time it may
contradict transport equity due to the issue of affordability [75]. We also acknowledge that it is
not realistic to change travel behavior rapidly to reduce car usage in the United States, but college
campuses have populations that are acceptable to the idea of LCT. Therefore, commuter universities can
greatly increase the use of LCT on their campuses and in their surrounding communities. Investment
in LCT will not will decrease the CO, emissions, it will also decrease the socio-spatial inequalities
associated with automobile and increase public health benefits, such as a reduction in mortality and
morbidity [76].

There are many opportunities for commuter universities to build communities for low-carbon
travel behaviors. For example, universities can partner with cities to build affordable housing with
mixed-land uses targeting students within 2 km of campus to make zero car use zone. Improving
the bicycle network and public transit with zero emission buses with integrated land use and
close proximity to bus stops can reduce many negative externalities of automobile mobility for
individuals living beyond 2 m from campus [77]. Our findings strongly support Greensboro’s current
initiative “Mobility Greensboro 2040” and “Vision Zero” planning and policy initiatives for enhancing
equitable and safe transit-oriented multi-modal infrastructures [60]. There is considerable agreement
in the literature and our findings reiterate cities that build with a mixed-land use, transit accessible,
well-connected street network with good sidewalks encourage higher levels of LCT mode shares for
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the entire populations. Therefore, the “Vision Zero” program will not only enhance the LCT mode for
the UNCG students, it also can encourage non-student populations to utilize LCT modes. Universities
often play a major role in expanding the quality of the local economy and cultures, hence, we suggest
that UNCG should utilize its influence to advocate and further facilitate these ongoing efforts by
partnering with local transportation and planning stakeholders.
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Abstract: In vehicular ad hoc networks (VANETs), one of the important challenges is the lack of
precise mathematical modeling taking into account the passive vacation triggered by the zero-arrival
state of nodes. Therefore, a polling-based access control is proposed in this paper using a sleeping
schema to meet the challenge of quality of service (QoS) and energy-efficient transport in VANET
environments for smart cities. Based on IEEE 802.11p, it was developed in an attempt to improve
the energy efficiency of the hybrid coordination function of controlled channel access (HCCA)
through a self-managing sleeping mechanism for both the roadside unit (RSU) and on-board units
(OBUs) or sensor nodes according to the traffic load in vehicle -to-infrastructure (V2I) scenarios.
Additionally, a Markov chain was developed for analyzing the proposed mechanism, and the
exact mathematical model is provided with regard to the passive vacation. Then, the performance
characteristics—including the mean cyclic period, delay, and queue length—were accurately obtained.
In addition, the closed-form expression of the quantitative relationship among sleeping time,
performance characteristics, and service parameters was obtained, which can easily evaluate the
energy efficiency. It was proven that theoretical calculations were completely consistent with
simulation results. The simulation results demonstrate that the suggested method had much lower
energy consumption than the standard strategy at the expense of rarely access delay.

Keywords: smart cities; ICTS; energy efficiency; polling control; probability generating function;
vehicular Ad-hoc networks (VANETSs); vehicle-to-infrastructure (V2I)

1. Introduction

As a key symbol of smart cities, intelligent and connected transportation systems (ICTSs) are
growing rapidly, and so vehicular ad hoc networks (VANETs) have attracted a great deal of attention
in the research community because of their contributions to road safety, traveling support, traffic
efficiency, user-oriented service, etc. [1,2]. Urgent information, traffic-related information, and
entertainment information are exchanged either between on-board units (OBUs) in vehicle-to-vehicle
(V2V) scenarios or between OBUs (or sensor nodes) and infrastructure in vehicle-to-infrastructure (V2I)
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environments. Furthermore, data collected on the road can be forwarded to any other data centers
through vehicle-to-everything (V2X) communications [3].

Connectivity and security are major concerns in V2V communications, as all the communication
parameters rely on neighboring participants, such as wireless technologies and relative speed that
play an important role in communication performance [4]. In V2I, roadside units (RSUs) are usually
located apart from each other along the sideways to provide safety service and traffic management in
urban or highway environments. Unlike the high-throughput and broad bandwidth requirements in
user-oriented applications, safety services and traffic management messages are exchanged between
vehicles and the roadside, which emphasizes the need for low access delay and transmission delays to
provide the highest possible level of safety. Gristiano M. Silva et al. investigated the limitations and
challenges associated with such infrastructure-based vehicular communications [5]. In the IEEE 802.11p
standard, the hybrid coordination function of controlled channel access (HCCA) uses a collision-free
polling scheme to provide the bounded delays for real-time applications. However, this may lead to
resource overshooting, especially for low-load scenarios.

The passive vacation arising from the zero-arrival state often occurs when system load is not
heavy, in which nodes can be allowed to sleep. Moreover, the sleeping schema is very useful in
achieving a green environment because it helps to reduce unnecessary energy consumption and
channel resources occupation, even if the nodes can be easily charged. In [6], a periodical sleeping and
awakening mechanism on stations (STAs) was used in the Power Save (PS) model in order to save
energy at the cost of data transmission during the sleep state. Transmission Opportunity Power Save
Mode (TXOP PSM) can greatly improve the energy efficiency of STAs in highly dense networks and
with heavy traffic conditions. In fact, traffic oscillation properties are significant in both temporal and
spatial domains. Therefore, frequent transmission and idle listening from the RSUs cause much power
to be lost. Unfortunately, most of the proposals in the power-saving do not take the RSUs into account.

On the other hand, although many sleeping-based power-saving mechanisms were studied, most
of them were based only on computer simulations or energy consumption models [7,8], or only the
maximum achievable energy efficiency was analyzed. However, the passive vacation or sleeping state
resulting from the zero-arrival state of nodes is rarely considered during system modeling, which has
led to a decrease in accuracy [9]. This situation requires a theoretical model that can easily assess the
quantitative relationship among system performance, sleeping factor, and network control parameters.

Accordingly, considering the passive vacation, a k-limited (k = 1) polling-based access control
protocol with the sleeping technique named Polling Control with Sleeping (PC-S) media access control
(MAC) is proposed in this paper for V2I VANETs. A self-managing sleeping mechanism is used for
both RSUs and OBUs (or nodes) to improve the energy efficiency of HCCA according to the traffic
load. For those OBUs or sensor nodes with transmission requirements, RSU notifies and updates the
reserved service slots, respectively depending on their registered sequence. As a result, the nodes can
turn off the radio transceivers to save energy and just wake up on their service slots. When none of the
nodes request to transmit data and wake up after a sleeping period, the RSUs also turn to sleep or can
maintain a low-power waiting state to deal with critical messages.

In addition, the relationship between system performance characteristics and sleeping period
will be examined in this study. The mathematical model of PC-S will be adjusted using the embedded
Markov chain theory and the probability generating function. It should be noted that for the first time,
the precise expressions of the first-order and high-order performance characteristics with the sleeping
factor (e.g., the mean cyclic period, the queue length at polling epoch, the mean waiting time, and the
queue length) are obtained in this study. As will be shown, the calculation deviation was reduced from
more than 9% to almost zero compared to the standard strategy.

The rest of the paper is organized as follows: Section 2 provides an overview of VANETs in ICTS
and related work. The proposed model is presented in Section 3. Section 4 contains a detailed analysis
of the generating functions and the relationship between sleeping period and network performance.
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Numerical examples are also presented in Section 5 that provide insight into performance behavior
and energy consumption. Finally, Section 6 concludes the paper.

2. Related Work

In VANET communication, several media access control (MAC) protocols are designed that can be
cataloged as contention-based, contention-free-based, and hybrids of the previous two. In recent years,
some advances have been made in the field of MAC for VANETs based on IEEE 802.11p (802.11p for
short) [10]. Enhanced distributed coordination access (EDCA) at 802.11p is sufficiently flexible to deal
with high mobility and frequent topological changes. However, it is completely decentralized, and
random access features include deficiencies in strict timing and reliability, which makes it unfeasible
in safety-critical applications. To overcome these problems, several MAC protocols based on time
division multiple address (TDMA) are presented [10,11]. An overview of TDMA-based MAC protocols
for VANETs is given in [2]. In 802.11p, the hybrid coordination function (HCF) of controlled channel
access (HCCA) mechanism employs a polling scheme because of its ability to guarantee high QoS,
which is essential for emergency information and some traffic related information delivery in vehicular
environments. In current 802.11p HCCA, as with the point coordination function (PCF) in IEEE 802.11
for wireless local area networks (WLAN:S), if an OBU does not have any packet for transmitting, it
will either send a null frame, or will send nothing back to the RSU. Idle polling will lead to resource
dissipation and overshooting, and further it is a waste of energy. To enhance the channel utilization, a
dynamic polling method has been proposed in [12], in which the central HCF coordinator assigned
the TXOP dynamically by gathering requirements from the OBUs, even there was an improvement
in throughput and delay. However, the complexity of HC scheduling was increased from O(n) to
O(n2). In [13], a token passing approach on top of a random access MAC protocol is proposed to
prevent channel contention and improve the reliability of the safety message transmissions. Although
these protocols have improved the delay performance or beacon delivery ratio in VANETSs, most of the
analyses were done by simulation. Therefore, the lack of accurate and scalable models to achieve the
quantitative relationship between quality of service (QoS) and network parameters is still felt.

According to the performance analysis, the superframe is employed in [14] to cut down the
number of polling frames and improve the performance of a highly loaded system, but the idle energy
consumption is ignored. In [15], the M/G/1 vacation model is introduced to analyze the latency
feature of IEEE 802.11 PCE. However, the authors only considered the regular periodical vacation of the
server. It did not matter if the nodes were idle or not, which could increase the delay when the nodes
were not idle. In [16], the queue length distribution in the K-limited polling service is discussed using
an iterative approximation, regardless of the sleep state. In [7], the GreenPoll MAC protocol combining
the TXOP PSM with reservation and implicit polling is proposed to save power, but the node must
take some energy to detect its transmission slots by overhearing the channel before it exchanges data
with the access point (AP). Moreover, only the computation model for energy consumption analysis is
presented, ignoring the system model.

To reduce energy consumption, some researchers have proposed some sleep strategies in the
literature to minimize the effect of the sleeping mechanisms on system performances [17-28]. In [17,18],
a sleeping /awakening mechanism with loose synchronization was proposed to extend the lifetime of
the nodes by reserving long-length-frame sending, but the delay also increased. In [19], a method of
slots reservation is used to save energy and improve system throughput in a burst traffic scenario by
dividing the service time into periodic requests and sending-out slots. In order to reduce the delay,
both the energy consumption and the packets are considered in [23] for updating the vacation period
dynamically. In [25], a dispatching control scheduler to build an architectural health monitoring sensor
network was suggested to save energy and reduce the end-to-end delay by deploying the father link
based on the children links” occupying on the routing tree. In [26], the scheduling lists of neighbors
are collected to reduce consumption. In another study [27], a self-adapted sleep scheme is proposed
to follow the changing traffic dynamics. In [28], the periodic polling system of the limited service
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is analyzed theoretically, but the zero-arrival state and the following sleep state is neglected in the
mathematical model. In [29], the sleep state is combined into the mathematic model for the first
time, and the expression of the mean cyclic period, first-order performance characteristic is obtained.
However, the mathematical expressions of the high-order performance characteristics have not yet
been obtained, let alone the relationship between performance and sleep period.

Therefore, to the best of our knowledge, none of the previous works have analyzed the
performance characteristics theoretically using the sleep state in a mathematical model that
simultaneously considers the energy efficiency. Therefore, in this paper, the PC-S, which is a 1-limited
polling-based access control protocol with sleeping technique, is proposed for V2I VANETs. A sleeping
technique (as will be described in Section 3.3) is applied to both OBUs and RSU. In addition, the
mathematical model of PC-S is set so that the quantitative relationship between system performance
and network control parameters can be easily evaluated.

3. Mechanism of PC-S

In this section, the access control mechanism of PC-S is described, including application vehicular
environment, service mechanism, and sleeping technique.

3.1. Network Environment

Here, a mobile vehicular environment will be considered where the OBUs or nodes in the cluster
have three different types:

Applicant Node (AN): An OBU or a sensor node that has applied to join the cluster;
Cluster Member (CM): An OBU or a sensor node that has been joined to the cluster and has been
added to the polling list table;

e  Dissociative Node (DN): An OBU or a sensor node that has left the current cluster, but has not yet
joined the other.

In Figure 1, an example of the proposed polling-based structure is presented. OBUs and other
environmental sensor nodes in the coverage of the RSU form a cluster by a distance-based clustering
algorithm, in which the RSU acts as a cluster header. Under the mechanism of PC-S, OBUs and sensor
nodes can enter a sleep state and wake up at the time slot allocated by the RSU for sending its uplink
messages. Furthermore, in some of spare cases, if none of the nodes in the cluster have data to transmit,
the RSU will also go to sleep until the next round of transmission. Active RSUs in neighborhood work
under different SCHs to prevent frequency interference.
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Figure 1. Application scenarios under the Polling Control with Sleeping media access control (PC-S
MAC) protocol. OBU: on-board unit; RSU: roadside unit.
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3.2. 1-Limited Polling Access Mechanism

An HCCA superframe consists of a contention-free period (CFP) and a contention period (CP).
For safety services and traffic management with a highly real-time requirement, data packets are
delivered by a polling scheme in CFP with a high-level QoS guarantee. The user-oriented service data
packets transmission and cluster update are executed at the CP phase.

During the CFP, the RSU broadcasts a beacon with cluster ID, user ID, and NAV time at the
beginning of the CFP. It can also deliver downlink data packets after the beacon.

An immigrating OBU or a node with a transmission requirement (i.e., AN) will send an application
to join the cluster after receiving the CFP_END (CE) frame. The RSU will assign a user ID for each
AN, and broadcast in the beacon. Then, ANs turn into CMs after receiving their user ID and will be
polled in a round robin fashion during the CFP, as shown in Figure 2. CMs will hold their user ID
until leaving the current cluster. If a CM moves outside the coverage of the cluster head and still has
transmission requirement, it will apply to join another cluster and be treated as an AN. Otherwise, it
will be a DN.

All CMs receive the beacon to update the network allocation vectors (NAVs). On the PC-S MAC
network, OBUs and nodes can deliver either one uplink data or null data with constant packet length
when receiving a polling frame from the RSU. CMs inform the RSU of their buffer states in the ACK
frame during visit periods. In the successive CFP, the RSU will not poll the CM that has declared its
idle state.

Contention free period (CFP)
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Figure 2. PC-S MAC: Active OBU1/nodel and OBU3/node3 transmit safety and traffic data packets
to the RSU in order, while OBU2/node?2 in idle state turns into sleep after receiving the beacon and
downlink data from the RSU. CE: CFP_END ; STA: station; PIFS: point interframe space; SIFS: short
interframe space.

3.3. Sleeping Technique

In the 802.11p standard, an OBU must respond within a short interframe space (SIFS) period
once it receives a polling frame from the Hybrid Coordinator (HC) in the CFP duration. When the
OBU or sensor node does not have any queued packet to send, it will send back a null frame, which is
a waste of channel resources and energy consumption. Obviously, continuous interception and polling
from the RSU in a completely empty network would be a serious energy waste. On the other hand,
idle listening and null frame transmission from OBUs or sensor nodes would take up a large amount
of channel resources.

In PC-S, the sleeping technique is used for both OBUs and the RSU. An OBU or a node will soon
be in sleep state upon completion of the transmission and will announce its state to the RSU in the

302



Sustainability 2019, 11, 503

ACK. The RSU will not poll the sleeping OBU until new arrivals awaken it. As shown in Figure 3, the
state transition is as follows:

e  For an RSU, it broadcasts a beacon frequently as long as there is at least one active OBU/node in
the coverage area.

e A vehicle/sensor node in the coverage starts as an AN, and then it becomes a CM when it has
communication requirement and is added to the polling list by an RSU.

e A CM waits for the polling from an RSU, and becomes a DN it is once beyond the communication
coverage or finishes all the data transmission.

e A CM will turn into sleep state as it has finished the entire data transmission, and will wake up
when it has new requirements.

CM__Active |
Dormant
In the coverage Yes No
No
DN

Figure 3. State transition diagram of the PC-S MAC. AN: Applicant Node; CM: Cluster Member; DN:
Dissociative Node.

When the RSU’s polling list is empty (i.e., no active OBUs or nodes in the cluster), the RSU can
choose to set a timer and go to sleep after sending a beacon frame, or it can remain in an active state to
respond immediately.

4. Mathematical Model of PC-S and Performance Evaluation

In this section, the mathematical model of PC-S is obtained and the explicit expressions of the
system performance characteristics are derived.

4.1. Outline

Most of the existing works in the literature have analyzed the performance of the HCCA-based
medium access mechanism using simulations. To model the relationship among system parameters
such as the sleeping period, traffic load, and the QoS, we expand the classical discrete-time 1-limited
polling model to analyze the performance of PC-S. The service model can be described as follows:

In a cycle of service, an AP (i.e., an RSU) serves the node (i.e., sensor nodes and OBUs) in its
polling list table one by one with a 1-limited service strategy in a subnet. The AP authorizes the channel
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to the polled node in turn. If the current node does not have any requests for data transmission or no
response, the AP will poll the next node because it thinks the current node is sleeping or outside the
subnet. When all nodes are idle, the AP will set a timer and will go to sleep after sending a beacon
frame, and it will reset the polling service when the timer expires.

4.2. Mathematical Model of PC-S

Assume the PC-S system as a discrete time (timeline is divided into time slots) polling system
that contains N(N > 2) infinite-buffer nodes Q1, Qy, ..., Qn. Active nodes will access the AP in FIFO
order and transmit the data packets with 1-limited service discipline. The node keeps active when
accessing to the AP and then turns to sleep if it is idle or served by the AP. If a node does not respond
to the polling of the AP, the AP will skip it in the current polling round and remove it from the polling
list, which can save the unnecessary switch-over time wasted on those idle nodes so as to improve the
QoS of the AP when serving other nodes in need.

4.2.1. System Work Conditions
Suppose the system work conditions are as follows:

e  Data packets arriving at Q; (i = 1,2, ..., N) can be regarded as an independent statistical process
in accordance with the Poisson distribution. The generating function of the arrival process in
node i is A;(z;) with the variance of U/zi = A(1) + A; — A? and the arrive rate of A; = A}(1), so
the total arrive rate is Zfi oi-

e  Data packetsinnodei (i =1,2,...,N) receive individual services. The service time of a packet
on each node is independent of each other. Their generating function is B;(z;), with the variance
of U/f23i = B/(1) + B; — p? and the mean value B; = B!(1). Therefore, the load offered by Q; is
pi = AiB;i and the system load p is equal to =N p;.

e  The switch-over time of the AP from node i (i = 1,2,..., N) to its logical neighbor is independent.
The generating is R;(z;), with the variance of 0’%1_ = R/(1) 4+ 7; — 7* and the mean value ; =
Ri(1).

° The sleeping time of the AP is independent. Its generating function is S(z;), with the variance of

éi = 5"(1) + ¢; — {? and the mean value { = S'(1).

Moreover, suppose the random variables as follows:

v;(n) denotes the service time of the AP for Q; (i = 1,2, ..., N);

u;(n) denotes the switch-over time of the AP from Ql (i=12.,N)toQi+1;
]/t,( n) denotes the packets arriving at Q; (j = 1,2,..., N) in u;(n);
17i(n) denotes the packets arriving at QJ (j=12,. N) inv;(n).

Let ;(n) denote as the number of data packets present at Ql (i= ., N) at t, when Q; begins
to access the AP, the system status is described as {3 (1), - - (n) ( )}, and changes to Q;
after the AP has served Q; and turns to poll Q;;1 at t,,1.
Under the necessary and sufficient conditions for the stability (Zi'i oNi(Bi + i) < 1), the
probability distribution is defined as
lim P[gl( ) = xi;i = l,...,N] = ni(xl,...,xN).

n—oo

4.2.2. N-Dimensional Generation Function of PC-S
Let Gi(z1, ..., zn) represent the N-dimensional distributions of §;(1). Then, the generation function
is

[e<]
Xp_x X, X)
SN mixn, X XN 2 2y 2
an=0

0 =) 0
Gl‘<Zl,Zz,"',Zi,"'/ZN)= Z 2 Z
x;=0

i=1,.,N. )
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When the AP just finishes the service for Q; and starts the polling on Q;; at t,,;1, the expressions
are

Se(n+1) = Gx(n) + p(u;) +mi(vi), k#i
Gitn+1) = [&i(n) = 1T + pi(wy) + Gi(vy),

where

, g(fl) S 1

0
[‘:1’(”) - 1]+ = { éi(n) 1, Q(n) > 1

Then, we can obtain:

N
. 1
Git1(z1,22, s Ziy oy ZN) = "lgro\a E[I Izg"(w— )]
k=1

N N
=R[] Ak(zk)]{%Bi[H Ap(z)][Gi(z1, -+ 2n) — Gi(21, - ZN) |z;=0]
k=1 ik

+Gi(z1, ., 2N) |z=0} + S[Ai(2:)] Gi(0, ..., 0)
i=1,.,N. @

4.3. Performance Analysis of PC-S

In this section, explicit expressions are obtained for the system performance parameters. Initially,
an expression for the mean cyclic period of PC-S is obtained. These results ultimately lead to the first
and second moments of the PC-S, and obtain the expression for the joint queue length at the polling
epoch at Qi, further deriving the mean waiting time of packets and mean queue length on the timeline.

4.3.1. Mean Cyclic Period

Calculate the generating functions and their derivation at the point z = I, where z is the
abbreviation of the (1 x N) vector of (z1, 2y, ..., Z;, ..., zn), and 1 is the (1 x N) vector with 1, 0 is the
(1 x N) vector with 0. Define the first derivative of G;(z) at z =1as

: . 9G;(z . . 9G;(2)];=0
gi(]) = hmzhm,zi,---,zNal ,912(/ ) ’ giO(]) = hmzw“/zu"wZNﬁl T]l ’

where g;(j) is the length of Q; at the polling epoch when the AP serves the Q;, and gj(j) is
the length of Q; at the polling epoch when the AP is polling the Q; which is empty.

Define 6 as the mean cyclic period that the average time the AP takes to serve all the demanding
nodes for a round. Thus, the mean cyclic of PC-S is formulated as (detailed derivation process described
in Appendix A):

_ Ny +86(0)

fpc—s 1= NBA

®G)

where G(0) represents the system state, where all the nodes have no data in a polling round. That is,
the system is currently idle.

4.3.2. Joint Queue Length at the Polling Epoch

Define the second derivative of G;(z) atz = [ as

. . #Gi(z) . . 9Gi(2)]z,-0
Qi) =limy, .. - 251 Bz}-Ile , Sio(j, 1) =lmy .. - . 21 az}-lel
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Calculate =¥ ¢;.1(j,1) and =N ,¢;11(j,j) (Equations (A4)-(A8) in Appendix A), the first
derivation of G;(z) is given by:

2 _ _
S0rc-s = g nrg oy 2T+ G010 - ) + -+ eapoio) S EHRE=Y)
PRI + [+ T + i SG0 AT () + S )
+1_(N+WS)\2G(0)S”(1)} @

4.3.3. Mean Waiting Time and Mean Queue Length on the Timeline

Define E[W] as the average waiting time for packets, which represents the time from the epoch
when a packet arrives at the node to the time it is served. According to the related research in [28], the
mean waiting time of packets in PC-S is given by:

E[Wpc-s] = R;S) o —Nflt(ﬁ-F’Y)] [(N=1)y+ (N=1)Ap +2NApY + (NM+A‘3)AZ\(21)
+NAB"(1) + NAR"(1)] + 2[N7+§(é(70)?[€)f(131(7+/3)] {1=(N=-1)ABIS"(1)
S - nag-mo) )

According to Little’s law, the mean queue length on the timeline can be obtained as follows:
E[Lpc—s] = AE[Wpc ] (6)

4.4. Performance Analysis of IEEE 802.11p

Using the same derivation method, the 802.11p performance parameters can be calculated as [28]:

Ny
b = T NAp %
— _ 2
gi(i)p = WI\M[Z)\’YU —Ay)+ )LZR”(]) + (N 11)£A16A’37)A Y
3p
H+ 2+ ®
E[Wp] = R;/(yl) + o N/i(,B ] [((N=1)y+ (N —1)AB+2NABy
+(NAy +AB) A;gl) + NAB"(1) + NAR"(1)] ©
and
E[Lp) = AE[Wp].

However, the passive vacation caused by the zero-arrival state of all the nodes was neglected
in [28], which treats the influence of passive vacation on system performance as zero, and inevitably
yields precision error.

Unfortunately, the research done in [7] also did not provide the mathematical model that its
service mechanism is similar with 802.11p when ¢ = 1, in which the AP moves forward a slot and
keeps the active state (it is equivalent to that sleeping factor is 1 slot) when no nodes have data
to transmit.
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4.5. Analysis of Sleeping Time

In this section, the energy efficiency of PC-S is compared to 802.11p. To be fair, a subnet composed
of an AP (or RSU) and N associated nodes (or OBUs) in the coverage of the AP are considered.

As expected, idle nodes will consume extra energy because of overhearing. Therefore, as the idle
node sleeps longer, more energy is saved. Thus, analyzing the nodes’ sleeping time can verify the
energy efficiency, which can avoid the different power consumption of radio chips from producers.

Under the premise of a stable state (i.e., NA(B + ) < 1), let E[Ts] and E[Ts;,| denote the average
service time and average sleep time in a polling period, respectively. Let E[T}4 ap] denote the AP’s
average idle time when all nodes have no data transmission requests. Let E[T 47| denote the time that
a sleepy node will take to access the AP’s polling list if it is awakened by the new arrival, and E[T;ps]
denote the idle time that a joined node will take to acquire its transmission order.

4.5.1. Sleeping Time Analysis for PC-S

In PC-S, each node with no packet to transmit will keep sleeping state and switch to the active
state only if new packets arrive or at its own service time. This means that a node with data to transmit
will return to the active state at its service slots allocated by the RSU in the latest ACK, and then go
to sleep after v + B slots in a cyclic period, during which those nodes without transmitting data are
sleeping. The RSU can also go to sleep during the remaining time if there is no transmission.

Therefore, under ideal conditions, each node in the PC-S system will go to sleep in the interval
time between two service cycles if it does not have data after the latest data transmission. Thus, the
average sleep time of a node in one polling round can be approximately calculated as

1
E[Tsip_pc-s] = 5(26pc—s — E[Tar_pc-s] — E[Ts_pc—s] — E[Tips_rc-s]) (10)
where

0
E[Tar pc-s] = [pc—s — (v + B[ = G”'] = Abpc_s[fpc—s — (v + B)],
0 0
E[Ts pc—s] = (v+B)[1— G\"] + (v + B)[1 - G{”[2 = Abpc_s(7 + B) (1 + Afpc_s),
E[Tips pc—s| = [0pc—s — (v + B)I[1 — G2 = A263¢_[0pc—s — (v + B))-
E[Ts_pc_s] is the service time of a node in two cycles, and E[Tjgs,c—s] is the idle time that a
joined node in PC-S will take to acknowledge its transmission order from the RSU if it has some new

packets by chance. Otherwise, it will remain in a sleeping state.
Moreover, the average sleeping time and idle time of an AP are calculated as

E[Ts1,_ap_pc-s| = {G(0) (11)
E[T141_ap_pc—s] = NvG(0) (12)

4.5.2. Sleeping Time Analysis for IEEE 802.11p

Nodes in 802.11p will keep active for 7y 4 B time to exchange data with an RSU if it has data
to transmit, and in other cases, it will maintain overhearing or low-power state. So, E[Tslpip] =0,
E[Tsip_p_ap) =0, and E[Tig_ap_p] = NYG(0) . Thus, the expression of average idle time of the node
can be written as

E[Tiai_p] = 0p — E[Tar_p] — E[Ts_p] (13)

where

E[Tar_p] = [0p — (7 + B)][1 — G\”] = A0p[0p — (7 + )],
E[Ts_p] = (7+ B)[1 — G = AGp(y + B).
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E[Tar_p| means the average idle time of the node in 802.11p, and E[T47_p] means the time that an
idle node will take to access the AP’s polling list when some new packets arrive.

5. Experiments and Discussion

In order to complete the study of the PC-S model in V2I VANET;, it was essential to validate the
theoretical analysis of the presented model before comparing the performance characteristics with
802.11p (e.g., mean cyclic period, queue length at the polling epoch, mean waiting time, mean queue
length, average sleeping time, and energy efficiency).

Assume that the channel is in ideal condition and channel error correction is managed by an
error detection mechanism that is running on the physical layer, and the 1 slot is 25 ps and the nodes
are symmetric. Furthermore, the service time slots of all packets are exponentially distributed with
mean f, and the arrival processes are the Poisson process with rate A, Meanwhile, the switch-over time
is exponentially distributed with mean <, and the sleeping time slots are exponentially distributed
with mean . The slots of a node which will take to switch from sleep state to active state is Ts;,, and
the power consumption in different states is denoted by P, Py, P;, Pyy;, Ps, and Py, respectively. The
relative parameter values are listed in Table 1.

Table 1. Test bed.

Parameters Values Parameters Values
N (nodes) 10, 20, 30 P; (slots) 1.65

A (packets/slot)  0.0005-0.005 P, (W) 14

B (slots) 9 P; (W) 1.15

7 (slots) 1,3 Py: (W) 1.725
Z (slots) 5,10, 20 P, Py; (W) 0.0045
Tsw (slots) 2.5

Monte Carlo simulations were carried out to evaluate the performance of the proposed polling
scheme, 802.11p (i.e., mean cyclic period, queue length at the polling epoch g;(i), mean waiting time
E[W], mean queue length E[L], and average sleeping time E[Tg;,]).

5.1. Performance Comparisons

In this section, a set of experiments are presented to validate the mathematical model and the
expressions of performance characteristics between 802.11p and PC-S.

5.1.1. Theoretical Analysis Verification

In Tables 2-5, the calculation error related to the theoretical results and simulation results of 6
and g;(i) in different scenarios are compared, respectively. When the load increased, the theoretical
value of PC-S and 802.11p were closer to their own simulation value, which proves the correctness of
theoretical analysis. However, for the reference 802.11p model, the error of theoretical expressions [28]
exceeded 9% in comparison with simulation results when the load was light. This result shows the
effectiveness of the two analysis methods. However, the proposed model is more suitable for realistic
scenarios in which the zero-arrival state happens frequently. This means that the zero-arrival state or
the following sleep state should be taken into account while modeling, especially when the system
load is not heavy.
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Table 2. Comparison of theoretical results and simulation results of 6 between 802.11p and PC-S when
N =10, B = 9slots, ¥ = 1slots, and ¢ = 10 slots.

Theoretical Simulation Calculation . . . .
Theoretical Simulation Calculation
Value of 6 of Value of 6 of Error of
A 802.11p 802.11p 802.11p Value of 6 of Value of 6 of  Error 0of PC-S
(slots) (slots) %) PC-S (slots) PC-S (slots) (%)

0.0005 10.4673 11.4571 9.46% 19.9612 19.9606 0.003%
0.001 10.9901 11.9695 8.91% 20.0396 20.0390 0.003%
0.0015 11.5607 12.5284 8.37% 20.2180 20.2178 0.001%
0.002 12.1924 13.1486 7.84% 20.4993 20.4995 0.001%
0.0025 12.9092 13.8517 7.30% 20.8769 20.8759 0.0048%
0.003 13.6969 14.6163 6.71% 21.3569 21.3580 0.0052%
0.0035 14.5889 15.5004 6.25% 21.9546 21.9549 0.0014%
0.004 15.6338 16.5255 5.70% 22.6778 22.6783 0.0022%
0.0045 16.8092 17.6803 5.18% 23.5740 23.5747 0.003%

Table 3. Comparison of theoretical results and simulation results of g;(i) between 802.11p and PC-S
when N = 10, B = 9 slots, v = 1 slots, and ¢ = 10 slots.

Theoretical Simulation Calculation  Theoretical Simulation Calculation
A Value of g;(i)  Value of g; (i) Error of Value of g;(i)  Value of g; (i) Error of
of 802.11p of 802.11p 802.11p of PC-S of PC-S PC-S (%)
(slots) (slots) (%) (slots) (slots)
0.0005 0.0052 0.0057 9.62% 0.0101 0.0100 0.0996%
0.001 0.0111 0.0121 9.01% 0.0202 0.0202 0.00%
0.0015 0.0175 0.0190 8.57% 0.0309 0.0309 0.00%
0.002 0.0247 0.0267 8.1% 0.0419 0.0420 0.2381%
0.0025 0.0330 0.0354 7.27% 0.0537 0.0538 0.1859%
0.003 0.0422 0.0451 6.87% 0.0664 0.0665 0.1504%
0.0035 0.0528 0.0561 6.25% 0.0802 0.0804 0.2488%
0.004 0.0654 0.0692 5.81% 0.0954 0.0958 0.4175%
0.0045 0.0800 0.0843 5.38% 0.1131 0.1136 0.4401%

Table 4. Comparison of theoretical results and simulation results of § between 802.11p and PC-S when
N =10, B = 9slots, v = 3 slots, and { = 5 slots.

Theoretical Simulation Calculation

Value of 6 of Value of 6 of Error of Theoretical Simulation Calculation
A 802.11p 802.11p 802.11p Value of 6 of Value of 6 of  Error 0of PC-S
(slots) (slots) %) PC-S (slots) PC-S (slots) (%)
0.0005 31.4166 32.3084 2.84% 35.7996 35.7997 0.0003%
0.001 32.9638 33.7543 2.4% 36.8028 36.8011 0.0046%
0.0015 34.6677 35.3628 2.01% 37.5338 37.5350 0.0032%
0.002 36.5814 37.1816 1.64% 39.4578 39.4594 0.0041%
0.0025 38.7007 39.2164 1.33% 41.1584 41.1567 0.0041%
0.003 41.0908 41.5214 1.05% 43.1318 43.1331 0.003%
0.0035 43.7841 44.1409 0.81% 45.4987 45.4977 0.0022%
0.004 46.8882 47.1738 0.61% 48.1946 48.1939 0.0015%
0.0045 50.3973 50.6187 0.44% 51.4549 51.4572 0.0045%
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Table 5. Comparison of theoretical results and simulation results of g;(i) between 802.11p and PC-S
when N = 10, B = 9 slots, v = 3 slots, and ¢ = 5 slots.

Theoretical Simulation Calculation  Theoretical Simulation Calculation
A Value of g; (i) Value of g;(i) Error of Value of g;(i)  Value of g;(i) Error of
of 802.11p of 802.11p 802.11p of PC-S of PC-S PC-S (%)
(slots) (slots) (%) (slots) (slots)
0.0005 0.0159 0.0163 2.52% 0.0181 0.0181 0.00%
0.001 0.0335 0.0343 2.39% 0.0375 0.0375 0.00%
0.0015 0.0534 0.0545 2.06% 0.0586 0.0586 0.00%
0.002 0.0762 0.0775 1.71% 0.0825 0.0826 0.1212%
0.0025 0.1023 0.1037 1.37% 0.1093 0.1093 0.00%
0.003 0.1328 0.1342 1.05% 0.1397 0.1397 0.00%
0.0035 0.1688 0.1702 0.83% 0.1761 0.1762 0.0568%
0.004 0.2124 0.2140 0.75% 0.2184 0.2185 0.0458%
0.0045 0.2652 0.2664 0.45% 0.2715 0.2714 0.0368%

The error of 802.11p mainly results from ignoring the zero-arrival state of its mathematical model.
Although the nodes in 802.11p will not turn to sleep state when they have no packets to send, they are
actually idle and this fact was ignored while modeling [28]. As far as we know, the existing analysis
models are not combined with zero-arrival state or sleep state, and the proposed model is excepted.
However, nodes are often idle because of an absence of packets, especially when system load is light.
Therefore, to design the networking environment and performance testing, the zero-arrival state, the
triggered sleeping state, or rather the passive vacation should be considered.

5.1.2. Comparisons of Performance Variation

In Figure 4, the variation of 6, g;(i), E[W], and E[L] are compared, respectively. It became obvious
with the increased traffic load, which clearly showed that the performance of the two systems was
degraded and also tended to agree with each other when the load was heavy. Additionally, as shown
in Figure 4, the increased switch-over time could result in worse performance, which indicates an
unsuitable wireless channel or some distance among the AP and nodes. However, under the stability
conditions, E[Wpc_g| was only 1 or 2 slots longer than that of 802.11p when { was 5 slots, which means
that the QoS could be guaranteed in the PC-S system even if nodes and AP implemented a sleeping
strategy when there was no request from the nodes. The reasons are follows:

1. AP polls the prior neighbor of the current node according to the polling list, but this neighbor is
idle just then. When this case happens, the service moment of the current node will be put off.

2. If the AP chooses to turn to sleep while all nodes are sleeping or become DN, as a result it will
not wake up unless the sleeping time ends, even though there are some nodes awakened by the
new arrival of packets. However, this is rare in cases of increased load.

Of course, the AP can also choose to keep being active to immediately respond to the critical
messages, which will not affect the performance of those sleeping nodes without data.
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Figure 4. Comparisons of performance parameters in different A and v when N = 10, { = 5.

5.2. The Influence of Sleeping Mechanism on the System Performance

Figures 5-8 show the change trends of system performance through increasing the nodes under
different sleeping factors, arrival rate, and switching-over time. Under the system stability condition,
increased load led to worsening of the performance of the two systems. While in case of PC-S system,
the influence of the sleeping factor on the system performance was more than that of traffic load
when the normalized throughput (i.e., traffic load p = NAS) was under 0.3. However, when the load
increased, it was considered as a key factor.

Additionally, as shown in Figures 5-8, in the case of short sleeping time, the sleeping mechanism
had a slight influence on the performance degradation in different node scale environments. However,
a sleeping factor larger than B + <y resulted in larger undesirable effects, especially when the throughput
o was under 0.3.

In Figure 9, the performance variations affected by both 7y and 6 are compared, and it shows that:

1. Under the same service condition, PC-S performed worse than 802.11p. This is because when the
traffic load was light, the bigger 6, the worse the performance. However, when load was heavy,
the performances under different sleeping factors gradually tended towards those of 802.11p.
This is because with increasing load, the probability that all terminals were idle was reduced.
Therefore, regardless of the magnitude of the sleeping factor, the probability of the AP passively
sleeping was dramatically reduced and the effect of the sleeping mechanism was reduced as well,
and ultimately, almost reached zero.
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2. The effect of v on performance was much greater than the sleeping factor. As shown in Figure 9,
even when 6 was as large as 20 slots, the PC-S performance with 7y = 1 slot was still much better
than that of non-sleeping 802.11p with v = 3 slots. Therefore, in system design, more attention
should be paid to the distance or barriers between terminals and the AP.
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Figure 5. Comparisons of variation of mean cyclic period in different A, {, and N when ¢ = 1.
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Figure 9. Performance parameters variation comparisons in different A, ,  and N.
5.3. Energy Efficiency Comparisons

In this section, experiments are presented to compare the average sleeping time and energy
efficiency, respectively.

5.3.1. The Comparison of Average Node Sleeping Time

The energy consumption in sleeping mode is so low that is ignored. Hence, the energy
consumption by a node’s sleeping time can also be evaluated, because under the same condition, the
energy consumption of data exchange in these two systems is uniform. Obviously, the longer the idle
nodes sleep, the greater the energy efficiency.

In Figure 10, the average sleep time of a node in PC-S under different A and 6 versus the idle time
of node in 802.11p is compared.

As shown in Figure 10, the average sleep time of a node in PC-S and the idle time of a node
in 802.11p both declined with increasing load. However, when the load was not very heavy, the
idle nodes in 802.11p took more than 90% of the time to overhear during the vacation without data
transmission. The nodes in PC-S can turn the radio transceivers to sleep in order to reduce the energy
consumption. As can be seen in Figure 10b, with increasing v and N, even if the load almost reached
the extreme working condition, the sleep rate for PC-S was still about 20%.
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Figure 10. Comparisons of node sleeping time in different A, y, {, and N.
5.3.2. The Comparison of Average RSU Sleeping Time

The average sleeping time of RSUs under the different arrival rates and sleeping factors when all
the nodes were in sleeping mode is shown in Figure 11. For 802.11p, its RSU is always activated, even
if the system is idle, so the sleep time is 0 and not shown on the figure.

In Figure 11, it is observed that with increasing sleeping factor under the same conditions, the
sleeping time of the RSU became longer but it was shorter than {. This is because there were always a
few nodes requesting data transmission, and so as long as the traffic load is not zero, the RSU must
keep active. Furthermore, increases in the arrival rate and the network scale led to decreases in the
RSU'’s sleeping time, and finally it dropped down to 0. Especially, when the throughput was more
than 0.3 (i.e., when the system became busy), the RSU’s sleeping time reduced rapidly—even less than
2 slots. Therefore, the RSU can choose to close its sleeping option in order to respond to the nodes
quickly. However, this does not mean those idle nodes would remain active, and they can still choose
sleeping mode.
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Figure 11. Comparisons of sleeping time of RSU in different A, { and N.
5.3.3. Energy Efficiency Analysis

Unlike 802.11p, when the node in PC-S is idle, it can turn to sleep. So, the saved energy in its
sleeping time can be calculated to measure the energy efficiency. If the energy efficiency is denoted by
17, the following equation can be obtained:

. E[Ts1p_pc—s]Pi — (E[Ts1p_pc—s] — Tws)Ps — TswPsai
pc-s =
E[Ts_pc-s]P: + E[Ts1p_pc—s]Pi + (E[Tar_pc-s| + E[T1s_pc-s]) Pr

(14)
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where E[Ts pc_g]P; is the energy consumption when a node sends its data, Tsy Psy; is the energy
consumption when a node awakens from sleeping state, E[Ts;,,_pc—s|P; is the energy consumption if it
keeps idle state during the sleep time, and (E[Tar_pc—s] + E[Tips_pc—s]) Pr is the energy consumption
of overhearing when it accesses a subnet.

However, the nodes of 802.11p always remain in idle state, even if they have no transmission
request. So, the following equation can be obtained:

o = E[Tyaq p]Pr — E[Ty14_p|Pi
E[Ts_p]P: + E[T1a1_p]Pr + (E[Tar_p] + E[T1Bs_p]) P

(15)

where E[Ts p|P; is the energy consumption when a node of 802.11p sends its data, E[T}4 p|P; is the
energy consumption during its idle state, E[T}4_p]P; is the energy consumption if it keeps overhearing
during E[Tyg p], and (E[Tar_p] + E[Tips_p))P; is the energy consumption of overhearing when it
accesses a subnet.

In Figure 12, the energy efficiency of a node under different arrival rates and sleeping factors is
compared. The variations of energy efficiency when system load was not very high (N = 10,y = 1) is
given in Figure 12a. The variations when load was relatively high (N = 20,y = 3) are given in Figure 12b.
Thanks to employing the sleeping mechanism, the node in PC-S can save a great deal of energy when
it is idle and turns to sleeping mode. However, the node in 802.11p just switches to the idle state from
overhearing, which led to only less than 20% energy savings, even when the load was light.

In addition, as shown in Figure 12a, the energy efficiency of PC-S with different 6 came close
when load was not high. On the other hand, larger 6 resulted in better energy efficiency performance.
However, according to Figure 12b, when < was larger, the improvement of this performance was
clearly less with the increment of A.

If some packets are lost because of the channel error, the node must retransmit them, which means
the arrival rate of the node becomes a little larger than before. Based on Figure 12, the larger A, the
less energy is saved. Thus, if channel error occurs, the energy efficiency should be reevaluated under
the new arrival rate A. In this case, the energy efficiency performed more poorly than that of the
unaffected system.
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(a) Energy efficiency when N =10,y =1 (b) Energy efficiency when N =20,y =3

Figure 12. Comparisons of node energy efficiency in different A, 7, {, and N
5.4. Discussion

All the experiments must be done under normalized stability conditions: NA(S + ) < 1. If the
service time and the switch-over time are constant, then the maximum number of nodes in a subnet is
calculated as follows:

Max(N) = [/\ ! AB >0 (16)

B
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Obviously, Max(N) is decreasing with the increment of A after § and -y adjustment. For example,
if B = 9 slots and v = 1 slot, then the maximum number of nodes in the coverage of a RSU is
Max(N) =1/10A,0 < A < 0.1, which is decided by A.

When NA(B + ) > 1, it means the system is oversaturated and ineffective. As a result, the data
packets piled up in the nodes will increase in number and the RSU will not be able to transmit them on
time> This means that the mean cyclic period, the average waiting time, and the queue length will
become enormously high, as shown clearly in Figures 4-9.

If the AP chooses to activate the sleeping option on and turns to sleep, it will not wake up until
the sleeping time is expired, even if some nodes are awakened by new packet arrivals. Considering
the QoS requirement, the sleeping period of the AP should be less than the maximum latency of the
packet, which is related to the moving speed, the packet type, etc.

Nevertheless, by introducing the sleeping factor caused by passive vacation, the calculation errors
of performance parameters were reduced from more than 9% to almost 0. Experimental results also
verified the correctness and effectiveness of the theoretical analysis model.

6. Conclusions

Polling-based proposals in autonomic wireless communication are meaningful when they also
consider QoS performance while dealing with energy savings. Towards this end, PC-S appears as
the first solution that theoretically addresses sleep state in the system’s mathematical model for the
autonomic V2I communication in VANETs and at the same time considers performance. Combined
with passive vacation, this paper established a k-limited (k = 1) analysis model as an expanding
protocol that can be used in VANETs for smart cities by employing the embedded Markov chain
theory and the probability generating function. For the first time, the exact expressions of first-order
and high-order performance characteristics with the sleeping factor were obtained (i.e., the precise
expressions of the mean cyclic period, mean waiting time, and mean queue length are achieved). The
influence of the sleep mechanism caused by zero-arrival state on the system performances was also
analyzed theoretically. Experiments showed that the system model with sleep state caused by the
passive vacation of zero-arrival was more suitable for the real scenes than those without zero-arrival
state or sleep state. Furthermore, they showed that zero-arrival state and the following sleep state
should not be ignored in the theoretical analysis. Meanwhile, compared with IEEE 802.11p, PC-S was
more energy-efficient, regardless of whether the load was light or heavy. The longer the sleeping time of
a node without data transmission request, the more energy can be saved , and the less electromagnetic
interferences from neighbors is , which is an extra benefit of turning off radio transceivers.

Although energy is not the key factor for OBU because it can be easily charged, for those nodes set
by roadsides, their energy should be considered carefully. Even if the sleeping option is closed and the
OBUs are allowed to keep idle when there are no transmission requests, the suggested mathematical
model is still more satisfactory. This is because it pays particular attention to the passive vacation
caused by zero-arrival of nodes that often happens, and their precision is verified.

In order to validate the performance of PC-S in some more realistic environments, ongoing work
is aimed at implementing PC-S with communication errors involved in the programmable wireless
platforms.
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Appendix A

The generation function of N-dimensional distributions of &;(n + 1) is:

N
. 1
Git1(z1,22, s Ziy oy ZN) = nlgrgo E[I I ng(”-*- )]
k=1

N N
=RI[[] Ak(zk)]{%Bi[H Ar(z)][Gi(z1, -+ 2n) — Gi(21, - ZN) |z;=0]
k=1 )

+Gi(z1, - 2N) |z=0} + S[Ai(2:)]G; (0, ..., 0)

i=1,.,N.
The expressions of the first derivative of G;(z) are:
8it1(j) = 8i(j) + Birj[l — Gi(z) |z,=0] + 7idj, i#] (AD)
gi+1(i) = &i(0) + Bidi[l — Gi(2)|z,=0] — [1 — Gi(2)]z,=0] + 7iri + i G;(0) (A2)
Let Gio) denote G;(z)|;,—o, which means the system status when ¢;(n) = 0 at t;, calculate

Zjlio gi+1(f), the relationship is given by:

R A + CAG(0)
N
1=Y1 BjA

1-6Y)=

Define 6 as the mean cyclic period that the average time the AP takes to serve all the demanding
nodes for a round. Assume the system is symmetrical, i.e., A; = A, B; = B (i = 1,..,N), then we have:

L 7jA) 4+ ¢AiG(0) 1A+ CAG(0)
Abpc_s = N = i (A3)
1= BiA 1-Y BA

Further, the expressions of the second derivative of G;1(z) are:

S . PGis(2)
gH—l(]ll) a zl,---,zg-ltl-’l,z]\,ﬁl aZj821
= R"(1)A% 4+ A% + [B"(1)A% + 2A%By + A2B][1 — GV) + (AB + A7) [gi() + &i(1)]

=ABlgin(j) + &io(D] + &, 1) iAj#Lj=12.,N (A4)

P . PG (z
Qi1 (i) =lmy oz 251 azf5;€ )

= R(1)A2 + A2y + [B"(1)A2 + 2028y + A2 — AB — Aq][1 — G\ + (AB + Ap)[gi(j) +&i(i)]  (AD)
—ABIgio(j) + gio())] — 8i(f) + &io(j) + i (j, i) i#j,j=12,.,N

. . . Giyi(z
it (o)) =limg oz 2y ale,( )

= R7()A + A"(L)y + [B"(1)A2 + A" (1) +202B[L - GV +2(AB + A7) (i) + g ()] (A6)
+2A8i0(j) + 8i(ji /) i#j,j=12.,N
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.. . PGy (z
Qi1 (i0) =My oz 2y alz‘zlz( )

= R'(1)A2 + A" (1) + [B"(1)A2 + A" (1) + 202y — 245 — 24y + 2][1 — G| + 2480 (i) (A7)
F2(AB + A1) [gi(i) + gio()] — 20gi(0) + gio(i)] + i, ) + [S”(1)A2 + A”(1)g) G
i=1,2,..,.N

. . PGiy1(z)
Qir1 (i) =lmgz .z 2y E}zlgz(,

= R"(1)A% + A2y + [B"(1)A% + 2026 + A2 — AB = M][1 = G|+ (AB + A1)[gi(i) + gi()]  (A8)

—ABlgio(#) + &io (1] — & (1) + gio (1) + &i(i, 1) i#l,1=12.,N
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