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The Implementation and Visualisationof a Large Spatial Individual-BasedModel using Fortran 90Tim Hopkins and David R. MorseComputing Laboratory, University of Kent at Canterbury,Canterbury, Kent CT2 7NF, UK



2 AbstratWe look in detail at the implementation of a simulation of the spread ofBarley Yellow Dwarf Virus in a barley �eld. The model onsiders expliitlyeah individual plant and aphid, therefore it requires speial are to reduethe amount of storage used whilst still produing a omputationally eÆientode. We attempt to quantify the ost of some of the deisions made in termsof their memory and proessor time requirements. Finally we briey onsiderthe visualisation of the results and how the amount of data produed by themodel may be redued to a manageable level.KEYWORDS: Barley Yellow Dwarf Virus, Simulation1 INTRODUCTIONThe inreased power and availability of omputers in reent years has led tothe development of two new types of eologial simulation model: individual-based models and spatially-expliit models. In the former, eah biologialentity in the model is simulated at the level of the individual organism ratherthan the population level (see DeAngelis & Gross [6℄, Judson [10℄ and Kawata& Toquenaga [11℄ for reviews). Among other things, this allows individualvariation to be simulated [8℄. In the latter type of model, spae is representedexpliitly, usually on an extended regular array of pathes, with ommunia-tion (or migration) often being restrited to between adjaent pathes ratherthan global ommuniation with all the pathes in the model (see for exam-ple, Hassell, Comins & May [7℄, [4℄. These spatial simulation models have beendeveloped in reognition of the important part that spatial heterogeneity hasto play in inuening population dynamis.Spatial and individual-based eologial models use substantial omputingresoures | both proessing power and memory [18℄, hene there are rela-tively few examples of individual-based spatially-expliit eologial simulationmodels in the literature. Those models whih have been developed have tendedto use speial purpose, parallel omputers suh as transputer networks [15℄,or the Connetion Mahine [5℄, [17℄. There have been relatively few exam-ples of individual-based spatially-expliit eologial models whih have beendeveloped on general purpose omputer hardware.In this paper we desribe the implementation of a reasonably simple modelfor the spread of Barley Yellow Dwarf Virus (BYDV). It is an eonomiallyimportant pest of ereal rops and wild grasses worldwide [16℄. It auses yel-lowing of the leaves and often results in signi�ant yield losses in ereals. Theapproah used here is to model the individual plants in a ereal rop andthe aphids in an attempt to obtain a better understanding of the popula-tion dynamis of the aphid and the mehanisms involved in the spread of thevirus. Beause of the very large amounts of data involved a naive approahis doomed to failure due to storage onsiderations. We therefore onsider anumber of ways in whih we an redue the amount of memory required to



Barley Yellow Dwarf Virus 3store data and disuss some of the impliations these may have on the resul-tant run times. Finally, we onsider how the results of the simulation may bevisualised and disuss how data storage demands may also be redued duringthis phase.In setion 3 we look in detail at the steps involved in the simulation andfollow that with a areful onsideration of the storage requirements of themodel and disuss why we hose Fortran 90 as the implementation language.Setion 6 provides some timing and performane measurements obtained fromrunning the resultant Fortran 90 implementation on a medium and a largesimulation. This is followed by some examples of the way in whih an o�-the-shelf visualisation system may be used to provide a lear pitorial view of theresults along with a disussion on minimising the amount of results data thatthis requires. We onlude the paper with an evaluation of the �nal ode anda short disussion of how extensions to the model may a�et the eÆieny ofthe ode.2 BARLEY YELLOW DWARF VIRUSBarley Yellow Dwarf Virus infets a wide range of grasses worldwide, inludingereals. It is one of the most eonomially important diseases of grasses [16℄.The virus an only be transmitted from one plant to another by aphids suhas Rhopalsiphum padi (L.) feeding on the phloem of the host plant [16℄. BYDVdoes not reprodue within the aphid.The disease is spread in two ways by the aphids [13℄:� Primary infetion takes plae when infetive, winged (alate) aphids migrateonto the rop from reservoir populations of the virus elsewhere;� Seondary infetion results from dispersal of the o�spring of the migrantaphids. Note that these aphids �rst have to aquire infetion by feeding onan infeted plant before they an pass it on to another plant.Control measures aimed at halting the spread of BYDV are targetted at theseondary infetion phase by reduing or eliminating the spread of BYDV bythe o�spring of the infetive immigrant aphids. This is ahieved by applying anaphiide spray to ontrol the aphids. Comparatively little is known about thefators whih determine the rate at whih this seondary spread of the diseaseadvanes through the rop. However, a reent simulation model developedby MElhany et al. [12℄ has indiated that fators suh as the prefereneof the aphid vetor for diseased or healthy hosts plants an be importantin determining the rate of seondary spread. Other models of the spread ofBYDV have been more or less suessful in prediting the spatial and temporaldynamie of the disease and the fators whih inuene its spread [13℄, [14℄.



43 DETAILS OF THE SIMULATIONWe attempt to simulate the spread of BYDV in a ereal �eld by keeping trakof the position and state of the individual aphids and by onsidering theire�et on individual barley plants. The simulation onsists of a sequene ofdays during whih the following events take plae in the order indiated:1. Immigration of aphids: over a de�ned period of onseutive days at the be-ginning of the simulation period a predetermined number of winged aphidsare randomly plaed on the individual barley plants in the �eld. This ran-dom plaement models immigrant winged aphids being blown into the �eld.Every plant is equally likely to be assigned an immigrant aphid. Eah im-migrant aphid is assumed to be of the same age. A probability thresholdis provided whih determines whih of the immigrant aphids are infetedwith BYDV.2. Based on given daily temperature data, the development and reprodutiverates for all the aphids in the simulation are alulated.3. For eah aphid in the �eld,(a) Its age is updated based on the daily development rate alulated instep 2 above. Newly born aphids beome wingless morphs and winglessmorphs die when their omputed `ages' exeed one.Note: no winged aphids develop during the simulation.(b) Based on the daily reprodutive rate, newly born aphids appear on thesame plant as their parents.Note: these newly born aphids immediately beome part of the popu-lation, i.e., their ages are �rst updated and they may move plants ontheir day of birth.() Its position may hange; movement ours when a given probabilitythreshold is exeeded. The urrent simulation allows a hoie of twodispersal modelsi. purely random: the aphid is transported to a random point in the�eld.ii. movement is restrited to a nearest neighbour move with the proba-bilities as given in Figure 1.These probabilities were hosen as a �rst approximation in modelling thetendeny of aphids to move between plants in the same row in a ereal�eld [16℄. This movement preferene reets the fat that inter-plantspaing is loser within rows than it is between rows of plants. Themovement preferenes hosen ontrast with those employed by MEl-hany et al. [12℄ who onstrained movement to be to the four nearestneighbours only (exluding the diagonals) and had higher probabilities



Storage Requirements of the Model 5on within row movement (p = 0:45) and lower probabilities on betweenrow movement (p = 0:05) than those indiated in Figure 1.
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xFigure 1 Probabilities of aphid dispersal to the nearest neighbour plant. Therows run parallel to the x-axis.4. The virus states of the aphid and the plant on whih the aphid is feeding areupdated. An infeted aphid always feeds upon its urrent plant, passing onthe infetion. A healthy aphid is always infeted if it settles on an infetedplant. The inubation periods for both plant and aphid are given and havebeen assumed to be onstant in time.5. We are primarily interested in visualising(a) The spread of the virus among the ereal.(b) The population dynamis of the aphid population (the position andthe number of infeted aphids, and the general population are both ofinterest).4 STORAGE REQUIREMENTS OF THE MODELIn order to provide a realisti model we require the ereal �eld to ontainbetween one and ten million plants. This orresponds to a planting density of300 plants/m2 and a �eld plot whih is of the order of 100m2. We assume thatthere is an immigrant aphid population of between two and twenty thousandaphids per day during the immigration period. For 106 plants we spei�ed animmigrant population of 2000 aphids/day for four days and for 107 plants,20000 aphids/day for four days. The resultant populations after 30 days were8 � 105 and 8 � 106 aphids respetively. Clearly with this amount of data



6areful onsideration needs to be given to the methods used to represent boththe plant and aphid information.We need to maintain data on the following variables in the simulation model:� for eah individual aphid, its{ urrent age (a real value in the range [0,1℄){ life stages (one of newly born, wingless, winged or dead){ position in the �eld (x, y oordinate { a pair of integers){ BYDV status (one of infeted, inubating, or uninfeted){ inubation period (the number of days the virus has been inubating {used to update the BYDV status from inubating to infeted).� for eah individual plant, its{ BYDV status (one of infeted, inubating, or uninfeted){ inubation period (the number of days before a plant, bitten by an in-feted aphid, itself beomes infeted { used to update the BYDV statusfrom inubating to infeted).A naive storage sheme might use �ve integers (one eah for the life stage, thex-oordinate, the y-oordinate, the BYDV status and the inubation period)and a real number (the age) for eah aphid and two integers for eah plant(the BYDV status and the inubation period). (The oordinate informationfor the plants being impliitly obtained using a two dimensional array.) Thisgives onservative storage requirements of106 plants +8 � 105 aphids = 27 Mbytes107 plants +8 � 106 aphids = 270 Mbyteswhere both integers and reals are assumed to require 32 bits. Even with theurrent heap state of memory the higher �gure is unlikely to be available tomost researh workers. The use of integer and real arrays would make aessto the data relatively fast, although this would neessitate alloating storagespae in advane in statially alloated languages suh as Fortran 77 with theaompanying problem of aurately estimating an upper bound on the �nalnumber of aphids.Therefore a naive implementation of the model would represent the data asarrays of reords (or their equivalent if the programming language does notsupport strutured data types); a one-dimensional array for the aphids and atwo-dimensional array for the plants.



Storage Requirements of the Model 74.1 Improvements to the StorageRequirementsWe an redue the storage requirements of the model by noting that the twodimensional view of the data is not neessary for oding the simulation, asall aesses to plants an be diretly mapped into a one dimensional array.The atual oordinates of eah plant are only required for nearest neighbouralulations and the �nal visualisation of the data. This redues the �eldposition of whih plant the aphid is on to a single integer.To avoid the need to reserve array spae we implement the storage of theaphid data as a linked list of reords, where eah individual aphid has its age,life state, position, BYDV status and inubation period reorded. The majordisadvantage of a simple linked list over an array is the loss of fast randomaess to the data. However, in this appliation, we are only interested inaessing the aphids sequentially. There are also time overheads involved inpaking and unpaking the reords to extrat the required data, and thehidden storage overhead of the pointers involved in the linked list.The data within the aphid reord an be ompressed even further, again de-reasing the storage required, but further inreasing the overheads of pakingand unpaking the data. For example, the aphid data ould be represented asfollows� age = 32 bits (real)� life status = 2 bits (only 4 possible states)� position in the �eld = 24 bits (range 0! 107 i.e., � 4000� 4000 plants)� BYDV status = 2 bits (only 3 possible states)� inubation period = 4 bits (allows up to 15 days).It should be noted that the last four �elds may be paked into a 32 bit integerand thus the data assoiated with eah aphid has been ompressed to 8 bytesand a pointer (normally 4 bytes). The storage requirements given earlier inthis setion are then redued to 17.6Mb and 176Mb respetively.We note that although the age of the aphid requires updating at eah timestep, if no other data assoiated with that aphid hanges, there is no need torepak the ompressed data.We require to aess the plant data randomly (typially we wish to asertaineÆiently whether the plant at a given oordinate is infeted) so linked listsannot be onsidered pratial beause of their sequential aess mehanism.As far as the simulation of the plant population is onerned we are onlyinterested in whether a plant is infeted or not. Thus provided we temporarilystore the positions of the inubating plants in some eÆient manner we mayredue the plant array to a bit array. Provided the inubation period is short(4 days is typial), and that not too many plants are inubating at any time,



8we may also store the inubating plants as linked lists. This has a storageoverhead of an integer and one pointer for eah inubating plant.The �nal struture used for storing the plant data was a bit array to storethe infeted/uninfeted state of eah plant along with a irular list of linkedlists storing the oordinates of inubating plants. On ompleting the inuba-tion period these plant lists are used to update the bit array and the storageis reused. Figure 2 gives a pitorial view of this data struture.
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NullFigure 2 Inubating plants data struture (see text for further explanations).The irular list at the head of the data struture just provides easy up-dating of the pointers reording the urrent day and end of inubation daypointers.The storage spae required is then redued to 106=8 + 8n1 bytes for 106plants and 107=8+8n2 bytes for 107 plants where n1 and n2 are the maximumnumber of plants inubating at any one time.An alternative method of storing the plant data would be to alloate anextra inubation bit for eah plant. This method is only more eÆient if> 1:5% of all the plants are infeted over any inubation period.5 LANGUAGE CHOICEAny language supporting the use of pointers and providing failities for thesimple manipulation of bits would be suitable for implementing the simulation;two of the more popular languags are C and Fortran 90. Fortran 90 [9℄ washosen sine it provides the ability, via HPF (High Performane Fortran [1℄,[2℄, [3℄), to port the ode onto a parallel arhiteture suh as a DEC AlphaCluster. In addition, by making use of the module faility available in thenew Fortran language, we may use information hiding. This means that itis possible to build the simulation software so that the user is unaware ofthe underpinning data strutures. Indeed the e�ets of any hange to thedata struture are loalised within a single module and, sine all aess to



Performane of the Simulation Software 9this module is at a subroutine level, no hanges are required elsewhere in thesimulation ode.For example, the aphid-ontrol module ontains a number of publiallyallable routines whih allow1. an aphid's reord to be unpaked into its omponents and repaked into a,possibly ompressed, reord;2. newly born aphids to be added to the list and dead ones deleted;3. a ount to be kept of the number of aphids at eah life stage, and so on.A similar approah may be used for manipulating the plant data, both forstoring the inubating plants and for reording those infeted.6 PERFORMANCE OF THE SIMULATIONSOFTWAREAll ode was developed on a Silion Graphis Indy with a 133MHz R4000proessor and 32Mbytes of memory running Irix 5.3 and using the EdinburghPortable Compiler Fortan 90 system. It was also suessfully ompiled and runon a Sun Spar 10 using the Craysoft and NAG Fortran 90 systems withoutany soure ode hanges.The results reported in this setion refer to simulations on square grids of pplants in eah diretion (i.e., p2 plants in total) with 0:002p2 immigrant aphidson eah of the �rst four days. The immigrant aphids are all winged aphids aged0.5 with a probability of 0:1 of being infeted with BYDV. The probabilitythat an aphid moves during the ourse of a day is 0:05. The simulation takesplae between days 70 and 100.All timings were obtained using the Fortran 90 intrinsi funtion system lok.Care was taken to ensure that the mahine was, as far as is possible with anynetworked mahine, only proessing the simulation model. Multiple runs weremade and the shortest reported time used.Table 3 shows the total CPU time used along with the �nal number of aphidsfor p = 500, 1000 and 2000 using a linked list to store the aphid informationand paking the oordinate, life stage, inubation time and BYDV status intoa single integer.A more detailed breakdown of these timings is given in Figure 4 where theCPU time required for eah day of the simulation is plotted. It may learlybe seen that, as p inreases, the CPU time required to proess eah day of thesimulation inreases far more rapidly towards the end of simulation. Indeedthe plot for p = 1000 is almost linear over the last ten days whilst it shows avery steep rise for larger values of p. The reason for the large jumps at day 99for p = 1500 and at day 96 for p = 2000 may be explained by the dramatiinrease in the number of page faults (from 1 when p = 1000 to 96,800 when



10 # Plants # Immigrant Aphids Final # Aphids CPU seonds2:5� 105 2000 2� 105 8.5106 8000 8� 105 412:5� 106 20000 1:8� 106 1304� 106 32000 3:2� 106 460Figure 3 Results on 133MHz SG Indy using EPC Fortran 90 with highestlevel of optimization
p = 2000) whih take plae as the data strutures grow. It may also be thease that the run time system is attempting to free extra spae by garbageolleting. In real terms, for p = 2000, this book-keeping work by the systemis aounting for around 50% of the proessor time used for the simulation.
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Figure 5 Aphid population for eah day of the simulation (p = 1000)Figure 6 shows the growth in the total number of plants beoming infetedwith time. The bottom line shows the number of plants beoming infeted oneah day of the simulation and the middle line shows how many plants arebeing stored in the data struture for that day. This is one area in whih thedata storage ould be improved. The problem is that if a plant is bitten bymore than one aphid multiple opies of its oordinates are stored in the linkedlist. As the aphid population grows this problem beomes more pronouned,the exess is, however, quite small when ompared to the storage required forthe extra bit for eah plant neessary to eÆiently prevent dupliate entries.Paking the aphid reords into an integer and a real as desribed in Se-tion 4.1 did allow larger problems to be takled. Tests using this extra pakingindiated an overhead of approximately 15%.Finally the simulation was implemented using an array of paked reords;this provided the saving in spae but required setting the length of the arraystoring the aphid data at the start of the simulation. The exeution times areomparable for the smaller values of p but for the larger domains (p = 1500and p = 2000) they do not exhibit the page fault problem to the same degree(just 10,000 page faults for p = 2000). The run time for p = 2000 was 200seonds with the e�ets of swapping not evident until day 97. The delayede�ets of swapping are due to the fat that using arrays does not inur storageoverheads for pointers.
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Figure 6 Aphid population for eah day of the simulation7 VISUALIZING THE OUTPUTThe simulation ontains state information on at least one million plants andone million aphids, eah of whih has the potential to be updated during eahtime step (equivalent to a day) of the simulation. While this data ould besummarized in one or a few values, (see for example Figures 5 and 6), learlymuh information is lost, partiularly on the spatial aspets of the dynamisof the model. Some data redution is almost inevitable given the amountof storage whih would be required to store all the data generated by thesimulation and its dimensionality. There are also too many variables in thedata for them to be simultaneously displayed and interpreted easily.One of the most basi views of the output of the simulation is an anima-tion of the spread of infeted plants and aphids as the simulation progresses.Overlaid on top of this ould be ontour maps or iso-surfaes showing thedistribution and abundane of the aphids | both the infeted and the unin-feted populations. A single frame from suh an animation (orresponding tothe state of the simulation at day 100) is shown in Figure 7.There are at least two ways in whih the data required for suh a displayan be produed. One is to dump the state of the entire simulation at theend of eah time step; the seond is just to produe the hanges in the stateof the simulation whih have ourred during the last time step. There isa trade-o� here whih depends on what proportion of the simulation state



Summary and Conlusions 13hanges. With simulations suh as the BYDV simulation where the storedstate is large ompared to the hanges between one time step and the next(partiularly in the early stages of the simulation when the size of the infetedpathes are small) then the former approah is preferable. For example, inmost simulations, the size of the �le ontaining all the hanges to a simplemap of the spread of infeted plants for an entire simulation is smaller thanthat whih would have been produed by dumping the state of infetion of allthe plants in the simulation in a single time step. In other simulations suh asthose involving ellular automata or those of Hassell, Comins & May [7℄, [4℄where virtually all the simulation state hanges at eah time step, then thesaving through just produing the hanges in state are minimal or nonexistent.Other ways in whih the size of the data �les whih the simulation produedould be redued were to use standard UNIX �le ompression tools and towrite the �les as binary �les rather than ASCII �les.As well as the data storage issue, a seond issue is extrating the requiredstate information from the simulation. In general, state information whih wasstored in arrays, suh as the plant infetion status ould be extrated easilysimply by printing out the arrays at eah time step. Other information wasmore diÆult to extrat, suh as the aphid data (whih was stored in linkedlists) although summary information ould be aumulated at eah time stepas eah aphid was proessed. Relating the aphid and plant states and thehanges in state and movement of the aphids was partiularly diÆult andinvolved generating extremely large data �les whih were then post-proessedby simple programs to extrat the relevant data in a form whih ould bevisualized.In general it proved simpler to separate physially the simulation and visual-ization funtions of the modelling proess by using graphial and visualizationpakages suh as Uniras and Explorer. These were linked to the simulation byusing temporary �les. An alternative approah would have been to have in-luded bespoke graphial display failities in the simulation. While this wouldhave made the simulation easier to use, it would have redued the potentialfor analysing the simulation output in non-standard ways.8 SUMMARY AND CONCLUSIONSWe have used Fortran 90 to produe an eÆient implementation of a rela-tively simple individual-based model for the spread of BYDV within a ereal�eld. The new pointer failities available in Fortran 90 allowed us to use datastrutures that grew with the aphid population and the bit level intrinsifuntions provided a portable, storage eÆient means of storing the state (in-feted/uninfeted) of eah plant. These same intrinsi funtions also meantthat we ould ompress the data desribing eah individual aphid as far aspossible and this allowed muh larger problems to be solved, albeit with theomputational overhead of paking and unpaking the data.



14The use of pointers does lead to overheads in both storage and CPU timedue to page faults as the data strutures grow. The use of arrays, whihrequired length information to be provided at ompile time, alleviated thisproblem by reduing the number of page faults for a given size problem.Certainly the move to High Performane Fortran (HPF) will neessitate theuse of an array based data struture although individual aphid data ould stillbe paked. The advantage whih HPF brings is that it makes it muh easierto distribute the simulation over multiple proessors, whih is another way ofimproving the performane of suh simulations.One of the problems with individual-based models is that of visualizing thevast amounts of data that desribe the state of the model at eah stage ofthe simulation. With our relatively simple model we were primarily onernedwith the spread of the disease within the plants. We ould thus restrit thedata required to update our view of the plants at the end of eah time step tojust the oordinates of any newly infeted plants. To obtain a detailed view ofthe aphid population is more omplex. Some information like the number ofaphids at eah life stage or the number of infeted and uninfeted aphids aneasily be updated as the aphid data is sequentially proessed. Other views ofthe data, espeially those requiring links between the plants and the aphidswere more diÆult to obtain and generated very large data �les. Improvementsmay be possible in this area by reording aphid movements and state hangesand post-proessing these to form animations.Future work in this area will investigate both distributing the simulationamong a number of proessors using HPF and inreasing the omplexity andbiologial realism of the atual model. We will also be onsidering how we anouple the omputation and visualization parts of the simulation more tightlytogether. Suh a oupling will allow a more interative exploration of the be-haviour of the simulation under various parameter ombinations and hangesrather than a post-ho analysis of the results. We are also investigating howsimulation and visualization tools an be linked in a network transparent man-ner so that the two essential omponents of the modelling proess an be runin parallel on di�erent proessors.REFERENCESAnonymous. High Performane Fortran language spei�ation (part I). ACMFortran Forum, 12(4):1{86, Deember 1993.Anonymous. High Performane Fortran language spei�ation (part II). ACMFortran Forum, 13(2):87{150, June 1994.Anonymous. High Performane Fortran language spei�ation (part III).ACM Fortran Forum, 13(3):22{55, September 1994.H.N. Comins, M.P. Hassell, and R.M. May. The spatial dynamis of hostparasitoid systems. Journal of Animal Eology, 61(3):735{748, 1992.R. Costanza and T. Maxwell. Spatial eosystem modeling using parallel pro-
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Figure 7 (a) Healthy and (b) infeted aphid numbers on eah plant in asimulation on a 100 � 100 lattie. The dark grey areas denote plants whihhave been infeted by the BYDV virus. (The size of the simulation was reduedfor larity on a small �gure.)


