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Geographical time-spaces exhibit a series of properties, including space inversion, that 1 turns any representation effort into a complex task. In order to improve the legibility of the 2 representation and leveraging the advances of three-dimensional computer graphics, the aim of 3 the study is to propose a new method extending time-space relief cartography introduced by 4 Mathis and L'Hostis [1-4]. The novelty of the model resides in the use of cones to describing the 5 terrestrial surface instead of graph faces, and in the use of curves instead of broken segments 6 for edges. We implement the model on the Chinese space. The Chinese geographical time-space 7 of the reference year 2006 is produced by the combination and the confrontation of the fast air 8 transport system and of the 7.5 times slower road transport system. Slower, short range flights are 9 represented as curved lines above the earth surface with longer length than the geodesic, in order 10 to account for a slower speed. The very steep slope of cones expresses the relative difficulty of 11 crossing terrestrial time-space, as well as the comparably extreme efficiency of long-range flights 12 for moving between cities. Finally, the whole image proposes a coherent representation of the 13 geographical time-space where fast city to city transport is combined with slow terrestrial systems 14 that allow to reach any location.

Introduction

Geographic space is known through experience and its narration, and through 18 representation. Geographic distances are experienced through the use of means of 19 transport, while representations usually take the form of maps. In the domain of 20 the representation of geographic space, even considering the earliest maps [START_REF] Harrell | The World's Oldest Surviving Geological Map: The 1150 BC Turin 468 Papyrus from Egypt[END_REF], many 21 efforts have focused on improving the coherence between the experience of space 22 through movement and the representation itself. Most of these proposals introduced 23 deformations of the conventional map [START_REF] Marchand | Deformation of a Transportation Surface[END_REF][START_REF] Abler | Human Geography in a Shrinking World[END_REF][START_REF] Forer | A Place for Plastic Space[END_REF][START_REF] Knowles | Transport Shaping Space: Differential Collapse in Time-Space[END_REF][START_REF] Shimizu | A New Algorithm for Distance Cartogram Construction[END_REF] and belong to the family of anamorphic 24 cartography. Other proposals focused on network representation [START_REF] Janelle | Central Place Development in a Time-Space Framework[END_REF][START_REF] Plassard | Sémiologie Graphique et Évaluation[END_REF][START_REF] Tobler | Visualizing the Impact of Transportation on Spatial Relations[END_REF] with springs 25 more or less compressed to express the temporal length of routes. These representations 26 have issues that we will expose below 1 .

27

Time geography [START_REF] Hägerstrand | What about People in Regional Science?[END_REF] and its developments in GIScience [START_REF] Miller | Activities in Space and Time[END_REF][START_REF] Yuan | Space-Time Modeling[END_REF][START_REF] Shaw | A GIS-Based Time-Geographic Approach of Studying Individual Activities 491 and Interactions in a Hybrid Physical-Virtual Space[END_REF] indicate another 28 stream of investigation of geographical time-space but more focused on understanding 29 and modelling movement and its constraints than on producing a new representation of 30 geographical time-space. In particular time geography contains no significant develop-31 ment regarding geographical distances. In a broader scope, cartographers have started 32 importing methods developed in the field of scientific visualisation [18,[START_REF] Schroeder | The Visualization Toolkit: An Object-Oriented Approach 497 to 3D Graphics[END_REF]. This stream 33 of "visual analytics" [START_REF] Keim | Visual 499 Analytics: Definition, Process, and Challenges[END_REF]21] aims at implementing improved graphical outputs to make 34 complex spatial data intelligible. While our datasets are comparably much more simple Secondly, the crossing of geographical space is performed by a range of coexisting 58 transport means. In the current transport system, several transport means with distinct 59 characteristics and especially distinct speed levels, can be observed. The principle of 60 coexistence of several transport modes can also be traced back in the history of transport 61 [START_REF] Armstrong | Transport History, 1945-95 : The Rise of a Topic to Maturity[END_REF]. Each transport system has its own domain of relevance, and the principle of their 1 000 2 000 3 000 4 000 5 000 6 000 7 000 8 000 9 000 10 000 11 000 12 000 13 000 14 000 The improvement of transport means over time has had profound influence on our 113 representation of geographical space. The more common sense idea, the first property 114 of geographical time-spaces, states that the world is getting smaller. Nevertheless, the 115 idea of a uniform shrinkage [START_REF] Mchale | The Future of the Future[END_REF][START_REF] Dicken | Global Shift, the Internationalization of Economic Activity[END_REF] has been challenged by geographers [START_REF] Knowles | Transport Shaping Space: Differential Collapse in Time-Space[END_REF][START_REF] Janelle | Central Place Development in a Time-Space Framework[END_REF][START_REF] Kirsch | The Incredible Shrinking World? Technology and the Production of Space. 523[END_REF]. The 116 main critic issued against the principle of uniform shrinkage is the idea that the entire 117 intermediate and surrounding geographical space benefits from transport conditions 118 improvements in a given area or between two locations. These representations do not 119 consider the widely accepted fact that geographical time-space is not homogeneous [START_REF] Knowles | Transport Shaping Space: Differential Collapse in Time-Space[END_REF]. 120 3 Further developments could introduce an exponential function in order to better represent the empirical data.

More generally, the issue of the cartographic representation of time-space can be 121 seen as transforming a kilometre-space into a time-space. In the cartographic representation, 122 we will then replace the usual and conventional kilometre scale by a timescale.

123

The various methods for the production of cartographic time-space can be subdi-124 vided into two categories [START_REF] L'hostis | Graph Theory and Representation of Distances: Chronomaps and Other Representations[END_REF][START_REF] L'hostis | La Pause et l'optimalité, Essai Sur La Distance et Ses Apports Au Transport et à l'urbanisme[END_REF]90). Most methods found in the literature move the 125 position of places on the map in order to reflect time-space distances. Many represen-126 tations of this type were introduced during the plastic spaces period in the history of 127 geography [START_REF] L'hostis | La Pause et l'optimalité, Essai Sur La Distance et Ses Apports Au Transport et à l'urbanisme[END_REF]90], in reference to the expression proposed by Forer [START_REF] Forer | A Place for Plastic Space[END_REF] to describe a 128 geography freed from cartographic conventions. Since this very active period, regularly 129 new implementations emerge [START_REF] Hong | Designing Interactive Distance Cartograms to Support Urban Travelers[END_REF][START_REF] Dusek | Time-Spaces in Hungary. Raportul spaţiu-timp în Ungaria[END_REF][START_REF] Ravazzoli | The Effects of the Planned High-Speed Rail System on Travel Times and Spatial Development in the European Alps[END_REF][START_REF] Hong | To Distort or Not to Distort: Distance Cartograms in the Wild[END_REF]. Cartographic representations attached to this 130 movement are of the type of the anamorphic cartography [START_REF] Tobler | Map Transformation of Geographic Space[END_REF][START_REF] Cauvin | Espaces Cognitifs et Transformations Cartographiques[END_REF]. In plastic space maps 131 the heterogeneous shrinkage of space is assumed. But these maps imply that all the 132 space located in-between places that are moved closer to each other benefit from the 133 time-space contraction. The fact that these maps do not account for the phenomenon of 134 space inversion (see figure 1), a key feature of geographical time-spaces, is the main critic 135 formulated against this type of representation [START_REF] L'hostis | The Shrivelled USA: Representing Time-Space in the Context of Metropolitaniza-465 tion and the Development of High-Speed Transport[END_REF].

136

The second category of geographical time-space representation consists in pre- In order to build a map of the geographical time-space, we firstly need to establish a 239 list of cities. We used the 2014 revision of the World Urbanisation Prospect by the United 240 Nations [START_REF]World Urbanization Prospects: The 2014 Revision; UN[END_REF] for the cities, being the most recent high quality urban dataset available at 241 the time of creation of the representation.

242

The air services network is derived from the data provided by openflights.org 4 

Implementation of the Geographical Time-Space of China

254

The three-dimensional model on figure 4 The representation opposes the efficiency of the air transport system in crossing time-space and the relative slowness of terrestrial modes. Considering that most movements at the scale of the country will involve combining flying and driving, the map proposes a coherent representation of time-space for such trips, where a time-scale for approximate measurement is available. The coherence between the measurements of time-space and the proposed graphic representation is not observed on the usual map or on other types of anamorphic cartography [START_REF] L'hostis | Theoretical Models of Time-Space: The Role of Transport Networks in the Shrinking and Shrivelling of Geographical Space[END_REF].

In exchange for the theoretical benefits it provides, from a general point of view, this implementation has engaged the need to address a whole new range of issues, some of them unprecedented in cartography. The main issues identified so far are listed here:

• the need to consider the phenomenon of occultation of three dimension shapes • the conflict between the desire to rotate the structure in all directions -a common practice in three-dimensional modelling -and the convention of cartography that invite to restrict it to rotate exclusively on an east-west axis The model exposed in this paper is a proposition that aims at solving these issues.

325

But many alternatives can be imagined, and will be investigated in further work. This 

337

The higher complexity of the three-dimensional model has necessitated to writing a 338 new code for generating the three-dimensional structure, and to using existing three-339 dimensional rendering software.

340

The approach lies at the intersection of two domains involving graphic representa-341 tion i.e. cartography and three-dimensional computer graphics, that, exception made 342 of the implementation of time-geography in GIS [START_REF] Shaw | A GIS-Based Time-Geographic Approach of Studying Individual Activities 491 and Interactions in a Hybrid Physical-Virtual Space[END_REF][START_REF] Miller | Representation and Spatial Analysis in Geographic Information Systems[END_REF][START_REF] Kim | Space-Time Accessibility Measures: A Geocomputational Algorithm with a Focus on the Feasible Opportunity Set and Possible Activity Duration[END_REF], have rarely been fully com- The slope is then given by the ratio between speed s max on ac and the speed s amb on 391 am.

392

Applying the trigonometric formula 1 + tan(α) 2 = 1 cos(α) 2 with tan(α) = H R and cos(α) = s max s amb

gives 1 + H 2 R 2 = 1 ( smax s amb
) 2 and finally:

R = H ( s max s amb ) 2 -1
This final formula links the radius of the cone to its height and to the ratio between 393 maximum speed and speed along the slopes of the cone. For a given radius, the height 394 of the cone will follow this formula A1, according to the speed differential: 

395 H = R ( s max s amb ) 2 -1 ( 

403

The length of the arc g between a and b is given by the formula g = rθ, and hence: In case the edges are drawn above the surface of the earth, then the length of segment om is:

om = om + 2dm = r -cd + dm
Considering the circle centred in a and having am for radius we have:

x 2 + y 2 = r 2
The point m has for coordinate x = ad = ab/2 and y = dm then:

(ab/2) 

Figure 1 . 3 .

 13 Figure 1. Space inversion between three places located in geographical space (kilometres) and in geographical time-space (duration)It can be observed that these four properties of geographical time-spaces are tightly

  km) 750 km per hour Speed s = (s long-range /2000) * l = 0.375 * l when length l less than 2000 km High-Speed Rail average speed

Figure 2 .

 2 Figure 2. The commercial speed of aircraft services on a sample of origin destination pairs (data from flightglobal.com in 2016) and a linear approximationThe analysis of current timetables on a sample origin-destination pairs on figure

111 4 .

 4 Cartographic Representations of Geographical Time-Space112

137 5 .Figure 3 .

 53 Figure 3. Cones and edges in three dimensions as a basic structure for time-space representation On figure 3 two cities a and b are joined by a fast non-stop transport system (in

214 6 .

 6 Theoretical Validation 215 We can test the ability of the representation to respect and render the four properties 216 introduced in section 2. 217 The property of acceleration may be rendered by producing side by side two 218 states of the representation at two different periods where transport speed differ. A 219 common timescale will help to express the transformations provoked by an acceleration 220 of transport speed. Hence, the representation is able to account for the acceleration of 221 human movement over historical time. 222 Secondly, the coexistence of transport means is introduced by design since the 223 representation is based on a graph of the transport network characterised by several 224 transport modes. 225 Thirdly, the combination of continuous and discontinuous access is provided by the 226 design of the three-dimensional structure: the cones represent the continuous geographic 227 surface, the lines represent the links of the transport network, and the summit of cones, 228 where the geographical surface and fast transport network meet, represent the cities. In 229 the representation, the two modes of representation of geographical time-space -namely 230 continuous and network based discontinuous -coexist and are attached to each other 231 through cities. 232 Finally, the space inversion is made intelligible and readable on the representation: 233 from a point located on the slope of a cone, close to the top, the fastest path to a distant 234 city implies going back up to the nearby city, and taking the fast transport mode. 235 Next steps of the research will involve user tests in order to provide a practical 236 validation. They extend beyond the scope of the current article.

272 • 281 •Figure 4 .

 2722814 Figure 4. A representation of the Chinese geographical time-space in 2006. View of a model generated by the shriveling world software, unprojected Chinese cities, flight information from openflights.org, UN WUP cities data.

•

  the combination of geographical projection, from the geoid to a two-dimensional 315 flat surface, with other types of projection used to transform a three-dimensional 316 scene into a computer screen image 317 • the need for shadings to reveal three-dimensional shapes that may conflict with the 318 greying conventions of cartography used to express terrestrial relief, and conven-319 tional colour choices in cartography [50] 320 • the need for a background which is not generally dealt with in cartography 321 • the need to adjust the graphical parameters of networks -width, colour, shape and 322 transparency -to allow for reading the three-dimensional surface situated below 323 • the treatment of terrestrial and maritime borders 324

326

  could include projecting different GIS layers onto the three-dimensional surface in order 327 to facilitate the reading of the representation. In addition, the current implementation 328 covers a single large country; new issues may occur when considering other smaller or 329 larger geographical entities. 330 9. Conclusion 331 We introduce a new model of geographical time-space representation aiming at 332 improving and developing a model proposed in the 1990s. Our aim has been to ratio-333 nalise the production of the maps, and to improve the readability. Compared to previous 334 representations of the same type, the novelty of the model resides in the use of cones to 335 describe the terrestrial surface instead of graph faces, and in the use of curves instead of 336 broken segments for edges.

Figure A1 .

 A1 Figure A1. Cones and edges in projected geometryThe representation indicates the duration t of trips by measuring the length of

  404 am + mb = s max s amb g = s max s amb rθ am + mb = s max rθ s amb am = s max rθ 2s amb 405 We need to determine the coordinates of point m and the length of segment om. om = r -(cd + dm)

-sin 2 θ 2 Figure A2 . 4 omom = r 2 -r 2 sin 2 θ 2 + dm = r 1 -θ 2s amb 2 -sin 2 θ 2 2 -sin 2 θ 2 416om = r cos θ 2

 2A2422122222 Figure A2. Drawing edges and cones with different speed in the spherical geometry

  was produced by the Shriveling world6 

	255	
	256	software developed by the authors and B Helali.
	257	The Chinese geographical time-space in 2006 is characterised by two transport
	258	modes. Road transport is modelled with a uniform speed of 100 kilometres per hour
	259	which is consistent with the measurement of travel times by road between major Chi-
	260	nese cities. The air transport system is divided in two sets of links. According to our
	261	analysis (see section 3) long range flights, beyond 2000 kilometres, follow a speed of 750
	262	kilometres per hour. Lower range flights have a decreasing speed following their length
	263	in kilometres. The Chinese geographical time-space is generated by the confrontation
	264	of long range flight speed (750 km/h) and road speed (100 km/h). The slope of cones,
	265	where cars circulate, is the same for all the geographic surface 7 and is computed (see
	266	annex A) from the fundamental ratio of the maximum speed divided by road speed
		giving the value of 7.5.

267

The implementation of the geographical time-space model to China has obeyed to 268 a series of choices and parameters that we will expose and justify now.

269

•

On this representation, no geographical projection is used: cities are located on the 270 terrestrial sphere which explains that the fastest arcs, in red, are not straight lines 271 but curves: they follow the geodesic.

  380and length so that t ab = k • l ab and t am = k • l am . Time, length, and speed are linked by 381 the simple formula of t ab = l ab /s max , but on the segment am the duration of the trip 382 corresponds to the length ac travelled at the speed on ab and hence t am = l ac /s amb . From = l ac /s amb = k • l am 388 l ac /s amb = l am /s max

	384		
	385	t ac = k • l ac
	386	l ac /s max = k • l ac
		k = 1/s max
	389		
	390	l am = l ac	s max s amb

383

this we obtain a formula linking the length ac and am to a ratio of speed:

387 t am

A1) Appendix B Cones and Straight Edges in Spherical Geometry 396

  In spherical geometry, the fastest edge is not a straight euclidean line, but rather a 397 geodesic, or great circle edge between two cities, following the curvature of the earth.In the simplest variant of the model, a slower edge is drawn as two chained rectilinear 399 segments of equal length, in the plane formed by the two cities orthogonal to the surface 400 of the earth. The general principle of the model states that the length of the edge amb, in 401 figure A2, is proportional to the length of the fastest speed edge g, hence to the ratio of

	402
	speed.

398

  2 + dm 2 = am 2 dm = am 2 -(ab/2) 2

	dm =		s max rθ 2s amb	2	-(ab/2) 2
	Considering the triangle adO:					
	sin	θ 2	= ad/r = ab/2r
		ab = 2r sin	θ 2
	We then update the previous equation as:		
	dm =		s max rθ 2s amb	2	-(r sin	θ 2	) 2
	dm = r	2s amb s max θ		2

We extracted data from the website flightaware.com in January 2016.

The Shriveling world application is available here: https://bit.ly/shrivelApp. Open source code can be accessed here: https://github.com/ theworldisnotflat/shriveling_world. The map of this article was created by using the version v0.9-alpha of Shriveling world: http://bit.ly/shrivelZen, with post-treatments in Blender (https://www.blender.org/).

The road system being modelled as an anisotropic surface with uniform speed, physical geography constraints like mountains and rivers are completely ignored in the representation.

Beijing (PEK) and Shanghai (SHA) airports are 1075 km (great circle distance) away and connected in 2h15 resulting in a commercial speed of 478 kph

Farouk Abdou Farouk Abdou works in Ministère de la Défense as project leader in software development.

on the three dimensions entails the introduction of an unprecedented set of cartographic 365 and graphical issues. The developments exposed here -the cones and the curved edges 366 -are two proposals in this direction of a more intelligible representation. Much remains 367 to be done, in a domain were graphical solutions should meet cartographic constraints.

368

Once a suitable level of legibility is obtained, the next steps should involve users testing 369 in order to assess the improvement of the representation over previous designs, and 370 validate it beyond the theoretical arguments provided here. Conflicts of Interest: "The authors declare no conflict of interest."

Appendix A Cones parameters in projected geometry