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A FREIGHT DISTRIBUTION EXERCISE
Abstract
Current state-of-the-art freight transport models capture behaviour-level processes driven by decisions on logistics aspects (i.e. choice of transport chain) and micro-level terminal operations (i.e. crane operation). Yet, models with this resolution rely on data resources that are often scarce, as freight commodity surveys are costly and need to overcome confidentiality issues. This paper addresses this limitation and proposes a methodology to disaggregate interregional production-consumption matrices into facility-to-facility matrices as a preliminary process for the construction of an agent based freight model. The method takes the form of a set of transport distribution modelling approaches. This model is applied to wood-based products in New Zealand. We used the inter-regional tables from the latest National Freight Demand Study, information on the demand for logs from different industries, and open source geographic data to generate firm-to-firm OD tables. The method uses three stages. First, OD pairs from the interregional matrices are adjusted through iterative proportional fitting to match totals reported for every sector (Timber, Wood Panel, and Pulp production) and for every stage within the value chain of forestry-based products. Next, adjusted matrices, sector specific statistics and routed distances between facilities are used to calibrate spatial interaction models. New interregional matrices are generated upon the application of gravity models and are used to formulate a linear programming problem that distributes interregional flows amongst relevant facilities without compromising the original pattern of movements. The results provide a geographic representation of movements between forests, sawmills, panel-manufacturing plants, pulp-manufacturing plants, wood product retail stores and ports.           
Introduction
Freight transport models have historically lacked the capability to capture behaviour-level processes that occur within different parts of the supply chain in a regional freight system. They have traditionally assumed interactions on a zone-to-zone level, focused on shipper behaviour, dismissing observations at the level of the traveller and lacking logistics elements like the use of distribution centres and handling operations (Ben-Akiva and de Jong, 2013, Baindur and Viegas, 2011).  In response to these limitations, recent approaches incorporate schemes that capture the market structures and behaviour of the agents involved in the freight system (Baindur and Viegas, 2011, Reis, 2014, Holmgren et al., 2012, Liedtke, 2009). Yet, the models still rely on accessibility to micro-data, which is often scarce as commodity flow surveys are costly and infrequent (Ben-Akiva et al., 2016). Moreover, data on individual shipments are usually proprietary and firms are often reluctant to disclose this information to clients, competitors and the public (Tavasszy and de Jong, 2014). A new approach is needed to generate freight traffic data for better safety and efficient management of supply chain capacity. In this paper, the methods and results of a freight distribution exercise that led to the generation of firm-to-firm matrices are reported. This case of study focussed on forestry sector commodities. 

The underlying structure of flows within logistic chains for forestry derived resources was linked to raw material sources, processing facilities, points of sale and ports. A key feature is the thorough allocation of raw material production to representative locations in the network. Upon this estimate, we can appraise commodity flows from the downstream legs using optimization techniques and knowledge of the underlying value chains. In cases where the underlying aggregated pattern of flows is vague or missing, we resorted to iterative proportional fitting and the calibration of spatial interaction models.      

The paper is organized as follows. Section 2 presents a brief literature review on freight distribution models. Section 3 covers the sources of information, the structure of value chains covered in our study and the methods covered within the freight distribution exercise. In Section 4 the results in the form of firm-to-firm matrices are geographically represented and discussed. Section 5 includes the conclusions and recommendations for future areas of research.     


[bookmark: _Ref20237911]Literature Review
Friedrich et al. (2014) presented a review on micro and macro freight distribution structures, along with corresponding modelling approaches. At the micro level, transport demand is represented by commodity flows between production establishments, points of sale, consumption locations, warehouses and terminals. At this level, decisions often target supply paths with the minimum logistic costs, with some exceptions on commodities of high value or subject to perishability issues. The determination of a distribution structure involves a combination of multiple problems. This is known as the transportation-allocation problem, which is a generalization of both the classic transportation problem and  the location-allocation problem (Cooper, 1972). In its most simple form, the objective of the transportation problem is to find an OD matrix of flows that minimizes total transport costs under demand and capacity constraints. Since its origin, variations have been introduced to add constraints and cover more than one commodity type (Khurana et al., 2018, Evans, 1983). Aside the optimal distribution of flows, facility location problems, are concerned with finding the number, location and size of the sources that will optimally supply a given set of destinations (Cooper, 1963). When the facilities are to be located within a continuous space, the problems are referred as “site-generating” models, in contrast to the discrete space counterpart known as “site-selection” models (Brimberg et al., 2008). Network data is at the core of spatial decision problems, hence Geographic Information Systems (GIS) play a significant role, especially aiding the assessment of market areas for present and future logistic centers (Macharis and Pekin, 2009). Moreover, recent approaches have complemented the GIS-based approach with multi-criteria decision analysis (Özceylan et al., 2016).   

The traditional approach to deal with transportation systems is the four step aggregate demand model (Ortuzar and Willumsen, 2011). On the spatial distribution side, data is aggregated over several geographical zones, and follow assumptions that are reasonable for flows with an interregional resolution (de Grange et al., 2010). Wilson (1971) derived a family of spatial interaction models upon the gravity model. This family of models has become the main framework for modelling aggregated distribution structures. The model form depends on additional knowledge about the interaction variables, and the distribution matrices can be estimated upon the execution of an entropy maximizing method given a set of knowledge-based constraints (Wilson, 1971). Fotheringham (1983) later acknowledged spatial-structure effects in the estimation of distance decay parameters, as interactions are often the result of a two-stage decision-making process, and proposed a new set of spatial interaction models referred as competing destination models. Fang and Tsao (1995) proposed the self-deterrent gravity formulation where the cost term takes a quadratic form in order to reflect the impact of congestion. de Grange et al. (2010) proposed a consolidated model (CM) that embraced the most important features of the aforementioned spatial interaction models. The CM form provided the most accurate trip estimations in comparison to other gravity based formulations, and proved to be particularly useful when working with data with a high level of zone aggregation (de Grange et al., 2010).   

Adapting the classic approach to the freight context implies substantive changes in order to account for inventory and transport logistics services (Tavasszy and de Jong, 2013). Aggregate data often fails to describe the structure underlying logistics operations, as the pattern of shipments within a freight system is lost and replaced by patterns that respond differently to changes in transportation attributes (Friedrich et al., 2014).  Davydenko and Tavasszy (2013) addressed the challenge of capturing logistics aspects, and proposed a model that integrates an intermediate step to the traditional four-step framework. The model uses discrete choice methods, as part of a logistics chain model that determines the probability of goods being shipped directly or through intermediate distribution centres and warehouses (Davydenko and Tavasszy, 2013). Maurer (2008) developed an integrated model that contemplates a logistics module that takes a production consumption matrix as input and transforms it into an OD matrix through the execution of a network optimization model with transportation and inventory costs as variables (Maurer, 2008). Bridging the gap between micro and macro distribution structures is a relatively new area of research in regards to freight transport modelling. In this paper, an approach is presented to address this gap. Distribution structures often focus on specific commodities and model formulations have overlooked the interdependencies between raw inputs and final products. In this paper, we address this challenge using known distribution modelling methods along with open source geographic data, geoprocessing tasks and knowledge of the underlying market structure of forestry related products.
[bookmark: _Ref20238225]Methodology 
This study takes the inter-regional tonnage totals reported in the New Zealand Freight Demand Study (NFDS) as estimates for freight generation amongst forestry-related supply chains, and executes a freight distribution model. Tables from the NFDS report describe movements linked to local consumption and export movements of logs, timber products, panel and pulp products (Deloitte et al., 2014). Section 3.1 covers the methods employed to map the corresponding origins and destinations. 

Figure 1 describes the structure of flows within sectors covered in the study. Logs are either exported or transported to different processing facilities including sawmills, panel and pulp factories. Sawn timber, panels and pulp are moved from processing facilities to either ports or retail locations throughout New Zealand. Other movements not considered in our study are associated to the transportation of wood chips and poles. 

In some cases, the tables from the NFDS, report multiregional movements of commodities between two types of facilities. This is the case for the transportation of logs from the forest to ports (Log Exports) or from forests to sawmills. These tables are used in the formulation of a set of Linear Programming (LP) problems that are described in Section 3.2. For sawn timber, panel and pulp products, the NFDS describes flows in a broad manner, where only multi-regional inputs and outputs are reported. Section 3.3 describes the approach taken under these circumstances, where in addition to LP formulations, the disaggregation exercise involves the application of an iterative bi-proportional fitting method and calibration of production-constrained gravity models.             

[bookmark: _Ref13753878][image: C:\Scenario Based Anylogic Simulation\chart_images\Flow diagram.png]
[bookmark: _Ref14096328]Figure 1 Flow of forestry products in New Zealand (base year 2012) 
[bookmark: _Ref14096138]Origins and Destinations
[bookmark: _Ref13759206]Logs are mostly harvested from exotic forests and transported to ports, sawmills, panel factories and pulp factories. The accurate geographic representation of the aforementioned entities is an essential step of our study. The New Zealand Land Cover Database (LCDB) is a file with geographic data that is available to the public through the Land Resource Information Systems (LRIS) Portal (LRIS, 2015). The file contains 497,833 features, from 33 thematic classifications for New Zealand’s land cover, 20% of which is exotic forest. Given the wide spread of forests, representative locations were derived using the original LCDB file. The procedure allowed for the identification of zones with a high density of forest areas, which became the input of a sampling procedure that led to the obtainment of 75 forest points. This involved the execution of several geoprocessing functions. Figure 2 describes the most relevant steps. 
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Figure 2 Forest Sampling Procedure: a) Original LCDB Forest Polygons; b) Binary Raster from application of Kernel Density; c) Polygons representing areas with high forest density; d) Generation of point grid with fishnet; e) Representative points for forest areas
Forest points represent the origin of flows reported in different OD tables from the NFDS. Figure 1 shows that logs are transported to ports, sawmills, panel and pulp factories. The geographic coordinates of all destinations were extracted through a Google Places API. The process was iterative, queries were composed by elements from lists of city and region names in New Zealand and case specific keywords including “ports” and “sawmills”. For panel and pulp companies, queries included relevant facility names mentioned in the NFDS and in the Facts and Figures (FF) Forest owners Association Report (New Zealand Forest Owners Association Inc. and Ministry for Primary Industries, 2013). Retail businesses associated with the wood products sector included the following keywords: lumber stores, timber stores, wood panel stores, plywood stores and hardware stores. Figure 3 shows a geographic representation of entities considered in the study with their corresponding numbers.    
   
[image: ]
[bookmark: _Ref13823959]Figure 3 Locations and network used in the study
[bookmark: _Ref14164596]Disaggregation through Linear Programming based models
Notation
	
	regions indexes

	
	set of regions

	
	forest index

	
	port index

	
	subset of forests (F) in region i

	
	subset of ports (P) in region i

	
	routed road distance (km) from forest f to port p

	
	log flow (tonnes) from region i to region j 

	
	log flow (tonnes) from forest f to port p



Transportation of logs from forests to ports is at the bottom level of the tree in Figure 1 and was the starting point of our assessment. Regional flows  were disaggregated into a facility-to-facility  basis without compromising the original interregional pattern of movements. In the case of log exports, data from the original NFDS table was used to formulate a forests-to-ports LP problem in which the objective function was to minimize the total costs of transportation (Equation 1). The formulation was based on the assumption that logs are shipped directly between forests to their final destinations (i.e. ports and processing facilities). The transportation costs were calculated from the routed distances by road between forests and ports. The NZ Road Centrelines is available to the public through Land Information New Zealand (LINZ) (LINZ, 2019). The file was used to generate a network dataset after careful topological validation. The cost matrix was obtained through ArcGIS OD Cost Matrix using the network dataset and locations displayed in Figure 3.


	
	[bookmark: _Ref14100331]Equation 1



For the supply constraint, the sum of each row was taken as the total production of logs in each region (Equation 2). This total was allocated evenly amongst the forests that fall within the respective region. 


	
	[bookmark: _Ref14081927]Equation 2



A similar approach was adopted for the demand constraint, so that, region column totals were allocated amongst the corresponding ports of a given region (Equation 3). Generally, there is one port for each region, with the exceptions of Canterbury and TNM (Tasman, Nelson and Marlborough). In these cases, the demand (column total) was distributed in proportion to the log export values reported in the FF report. 


	
	[bookmark: _Ref14082391]Equation 3



A third constraint (Equation 4) ensured that the inter-regional pattern of flows reported in the NFDS table was maintained between flows from forests-to-ports. Every cell value from the NFDS table represents the total log demand by ports from region  for logs from forests in region . The final constraint (Equation 5) imposes a lower bound of zero on all variables.


	
	[bookmark: _Ref14083428]Equation 4

	
	



	
	[bookmark: _Ref14085777]Equation 5

	
	


A similar LP formulation was applied for log movements between forests and sawmills. The table of regional flows was updated along with the respective OD cost matrix. The execution of the forests-to-sawmills LP optimization problem led to the quantification of logs that arrived at each sawmill location, where they are converted into different timber products and transported to either ports or retail locations throughout New Zealand. The NFDS and the FF reports provide information on the exports by port and commodity type. For sawn timber, the reported exports were distributed amongst sawmills in proportion to the logs that arrived at each of these facilities. This was a key feature of our framework as it allowed to consolidate raw material inputs with products delivered to ports and retail facilities. A new sawmills-to-ports LP problem formulation used an updated OD cost matrix, the reported demands by port, and the estimated timber production by sawmill. The same method applied for the remaining chains and its application led to the estimation of the following inter-facility type tables: forests-to-panel factories, forests-to-pulp factories, panel factories-to-ports and pulp factories-to-ports. Unlike the case of log exports, these formulations did not include constrains of the types described in Equations 2, 3 and 4, meaning that the corresponding minimization problem was not subject to a predefined multiregional pattern, and was only constrained by total production and demand.           
[bookmark: _Ref14164692]LP Disaggregation complemented with Iterative Proportional Fitting Procedure (IPFP) and calibration of production constrained gravity models
Notation
	
	panel factory index

	
	subset of panel factories (N) in region i

	
	log flow (tonnes) from forest f to panel factory n

	
	panel flow (tonnes) from panel factory n to port p 

	
	row vector of aggregated log arrivals by region 

	
	column vector of aggregated panel for export arrivals by region 

	
	panel (input/ouput) movements from region i to region j

	
	panel (input/ouput) updated (IPFP) movements from region i to region j

	
	estimated panel movements (retail) from region i to region j

	
	average interregional distance between panel factories from region i to retail stores in region j

	
	number of construction employees in region i 

	
	row totals vector from panel inputs and outputs table 

	
	column totals vector from panel inputs  and outputs table 

	
	updated row totals vector for retail movement estimation 

	
	updated column totals vector for retail movement estimation 

	
	production-constrained gravity model intercept 

	
	production-constrained gravity model origin fixed-effect coefficient in region i 

	
	production-constrained gravity model destination fixed-effect coefficient 

	
	production-constrained gravity model distance decay coefficient 



The NFDS reports regional movements for timber, panel and pulp commodities in a broad input-output basis. From the tables, it is not possible to discern if the final destination is a port or a retail facility. This issue was addressed by the sequential application of IPFP and Production-Constrained Gravity Model Calibration. In Section 3.2 we estimated log demand and export flows. In Section 3.3 we use these tables to estimate movements between factories and retail locations and illustrate the methods using attributes linked to panel movements. The first step uses the forests-to-panel factories and panel factories-to-port tables and aggregates total log arrivals (Equation 6) and total panel exports (Equation 7) by region. 

	

	[bookmark: _Ref14173612]Equation 6

	

	[bookmark: _Ref14173631]Equation 7



Then, these vectors are subtracted from the panel input-output table row (Equation 8) and column (Equation 9) totals, respectively. Our assumption is that the remaining totals from the input-output table (Equation 10 and Equation 11) correspond to movements between factories and retail locations. 
	

	[bookmark: _Ref14173656]Equation 8

	

	[bookmark: _Ref14173667]Equation 9

	

	[bookmark: _Ref14173706]Equation 10

	

	[bookmark: _Ref14173711]Equation 11


The script for the IPFP was written in Python programming language, it used functions from the ‘ipfn’ package, and the inputs were the original input-output panel movements and the new aggregates  and . For the case of panel movements, the new aggregates were normalized against the production for domestic demand reported in the FF report. Updated flows (), the normalized aggregates (), the average interregional distances between factories and retail locations (), and construction employment numbers by region () were used to calibrate a set of production-constrained gravity models. Pulp related factory-to-retail movements were left out, as the supply chain for these products is far more complex, involves more actors and facilities, and there is not enough documentation to support our modelling assumptions. We only estimated factory-to-retail movements for sawn timber and panel products. The calibration of spatial relationships was performed separately for each island, as the reported patterns show non-significant movements between islands, <0.05% and none for timber and panel products respectively.          

For the spatial interaction modelling stage, the ‘SpInt’ module from Python’s Spatial Analysis Library (PySAL) was used as it offers free and open source functionality (Oshan, 2016). The module uses regression techniques to calibrate models. Specifically, it is based on a Poisson log-linear regression specification, which avoids potential issues when dealing with zero flows. The predicted flows () are based on the application of a production-constrained gravity model, meaning that total inflows are conserved. Inputs for model calibration are origin emissiveness attributes (), destination attractiveness attributes (), a cost matrix () and a table of observed flows between origins and destinations (). Construction employment statistics by region were obtained from official sources and were the destination attractiveness attributes, as domestic patterns of wood-based products are likely to follow demands from the construction industry. Equation 12 represents the resulting log-linear production-constrained gravity model. The model includes an intercept (), a set of origin fixed effects coefficients (), a destination fixed effect coefficient () and a distance decay coefficient ().      

	

	[bookmark: _Ref29825931]Equation 12


The final step uses the predicted flows and applies the LP based disaggregation procedure described in Section 3.2, using the corresponding OD distance matrices between factories to retail stores.  

[bookmark: _Ref20238232]Results and Discussion
Figure 4 shows the movements for logs and wood products on a firm-to-firm basis. In regards to log movements, our results suggest that wood processing facilities are generally located nearby log harvesting locations. This feature is in agreement with the fact that most exotic forest in New Zealand (~63%) are managed by wood-processing corporations (New Zealand Forest Owners Association Inc. and Ministry for Primary Industries, 2013). The maps in Figure 4 also show that most of the freight task is concentrated on the North Island as the majority of panel and pulp factories are located in this part of the country, in fact, pulp movements are exclusive to the North Island. The ports at Whangarei and Tauranga appear as national logistic cornerstones, bearing a high share of the export traffic for forestry related products (~53%). Additionally, Auckland appears as an essential location for trade, given the relatively higher amount of retail locations (16 out of 45) and higher construction employee numbers (35,268 out of 152,823) (Stats NZ Tatauranga Aotearoa, 2013).

The method was validated using timber-only flows, as it was possible to aggregate predicted for-export and domestic flows and compare them against timber-only movements reported in the NFDS. The mean percentage errors for timber arrivals in different regions are presented in Figure 4(b) and it can be seen that for most regions (9 out of 14) the errors are below 18%. The mean percentage errors for Gisborne and West Coast are particularly high (>39%); however, official sources report timber arrivals of 20,000 and 30,000 tonnes, respectively, which together sum less than 2% of arrivals in all regions. The results suggest there are other variables that can support the attractiveness of trips to Gisborne and West Coast. Moreover, accuracy can be improved through calibration of a doubly constrained gravity model, given total arrivals by region instead of employment numbers. In fact, model fit of a doubly constrained model for panel movements to retail facilities gives R2’s greater than 95%. Nevertheless, there is a risk that a doubly constrained formulation would over fit the model and will not be practical in cases where only employment numbers by region are the only attractiveness attributes available. 

Movements to retail entities were estimated upon the application of gravity models and Table 1 contains the corresponding coefficients of determination (R2) and Standardized Mean Square Error (SRMSE). The intensity of freight activity on the North Island justifies to some extent their relatively lower R2’s and higher SRMSE’s. Moreover, the concentration of activity around Auckland and Tauranga may have indirectly biased the fitting process for the remaining regions, meaning that potentially the fit can be improved either through the calibration of localized models or through the consideration of additional variables. In general, R2’s are fairly high which suggest that the matrices generated through iterative proportional fitting provide a reasonable explanation for retail movements.  

	Model
	R2
	SRMSE

	Production Constrained North Island Timber 
	0.75
	0.87

	Production Constrained South Island Timber 
	0.88
	0.49

	Production Constrained North Island Panel
	0.81
	2.14

	Production Constrained South Island Panel
	0.91
	0.08


[bookmark: _Ref15545780]
Table 1 Model fit statistics          
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[bookmark: _Ref15394096][bookmark: _Ref15548134]
Figure 4 a) Log Movements b) Timber Movements and Mean Percentage Error for Arrivals by Region c) Panel Movements d) Pulp For-Exports movements. Units in tonnes.

[bookmark: _Ref20238334]Conclusions
[bookmark: _GoBack]The modelling approach chosen in this paper has been the result of integrating different methods in order to cope with limitations on shipment data availability. We acknowledge that this approach may not be replicable for other sectors as it strongly relies on information that is exclusive to the forestry sector. Nevertheless, we recognize that the approach can be of interest to industries from the agriculture sector, specifically dairy, fruit and horticulture industries, as New Zealand has a robust geodatabase that covers land use data for the aforementioned industries. Moreover, these sectors are relevant to the New Zealand economy, and it is very likely that trade, production and export statistics are updated periodically by pertinent entities like Dairy NZ and the Horticulture Export Authority. Further work can contemplate additional variables, alternative objective functions and include constrains to reflect commodity specific needs on perishability, shipping time, and inventory costs. 

The starting point of our work was the geographic representation of the involved origins and destinations. This information along with the estimated OD matrices constitute a valuable asset for complementary models. Specifically, data derived from this study has the potential to become an input to GIS based location analyses that can support the identification of transhipment facilities that can promote the participation of more efficient modes of transportation.      

A new generation of transport models is embracing a multi-layered conceptualization of underlying supply chain dynamics. A highlight of this concept is the opportunity to study how different interventions can affect the decisions of freight agents within a network, and subsequently, how these decisions can lead to different supply chain dynamics and distribution structures. Moreover, when the modelling approaches incorporate environmental constraints, the role of transhipment facilities may evolve, as these would potentially prioritize freight consolidation over inventory costs.   

The maps on Figure 4 provide a graphical representation for nine firm-to-firm OD matrices from forestry related commodities. The maps also include the relevant origins and destinations. The data generated from this study will fulfil two main purposes. First, the origins and destinations in conjunction with the network datasets are going to be used in a multi-criteria evaluation analysis for selection of potential freight village locations, similar to that presented in (Özceylan et al., 2016). Second, data from the OD matrices will be used to arrange a set of shipment orders within a discrete event simulation framework for the assessment of freight transport infrastructure capacity. The level of detail achieved with our method is appropriate, as shipments will take place between different facility types represented by agents. Our aim is also to explore the synergies that can be established between different supply chains, given this methodology may be applied to other sectors. 
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