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abstract By analyzing a huge amount of point-of-sale data collected from Japanese supermarkets, we find power law relationships between price and sales numbers. The estimated values of the exponents of these power laws depend on the category of products; however, they are independent of the stores, thereby implying the existence of universal human purchase behavior. The rate of sales numbers around these power laws are generally approximated by log-normal distributions implying that there are hidden random parameters, which might proportionally affect the purchase activity. © 2010 Elsevier B.V. All rights reserved.



1. Introduction Developments in information technology have enabled the storage of large volumes of high-frequency data of human activities, and soon, scientists began paying attention to such data [1]. People act intentionally based on their own will; in this sense, human behavior should be very different from the motion of materials. It will be very difficult to find a universal law for individual behavior, which may be based on private preferences or habits; however, there is a possibility that universal statistical laws can be found in collective human behavior. Several pioneering studies have reported possible universal laws in the mass of human activity. At the end of the nineteenth century, Pareto investigated individual income distribution in many countries and found that power laws were dominant in the case of the high-income group of people [2]. In 1949, Zipf listed power law distributions in various types of human behavior from word-frequency to city population [3]. Shockley pointed out that the distribution of the productivity of scientists followed a log-normal law in 1957 [4]. In 1963, Mandelbrot found scale-invariance and a power law distribution in the market prices of cotton [5], and in 1981, Montroll analyzed the price distribution of products, and found that the distribution follows a log-normal law [6]. Electronic databases became available from the end of the last century, and the quality of data analysis rose considerably. In 1995, Mantegna and Stanley confirmed power law distributions of market price changes [7]. M.H.R. Stanley et al. surveyed business firm databases and discovered that the variance of the growth rate of annual sales of a firm decreases following an inverse power law of its sale in 1997 [8], and Redner found a power law distribution in scientific citations in 1998 [9]. Recently, sales data such as point-of-sale (in short POS) data are studied from the viewpoint of physics. Sornette et al. analyzed a time series data of book sales obtained from Amazon.com and found that a functional form of increase and decrease in bestsellers can be approximated by power laws [10,11]. Groot observed fluctuations in sales using sales data collected from Dutch supermarkets and observed that these fluctuations exhibit properties similar to those of the stock market [12]. Fu et al. reported a universal growth rate distribution through an exhaustive investigation of various economic activity data such as the POS of products, business firm’s sales, and even GDP [13]. Mizuno et al. focused on the amount
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Fig. 1. Time series of pij (t ) (circle), sij (t ) (black-lozenge, in log scale) and cj (t ) (square), i = 1; the product is a popular instant cup noodles, for store number j = 1 from April 1, 1999 to July 30, 1999.



of payment at one purchase and found a power law distribution [14]; moreover, repeaters’ characteristic behaviors were detected by analyzing the POS data with IDs collected from Japanese convenience stores [15]. As a basic property derived from the POS data, Ueno et al. demonstrated that life span distributions of products are generally approximated by an exponential function for a time scale longer than about 4 years, thereby implying that a long seller’s life span may follow a Poisson process [16]. In this paper, we analyze a huge amount of POS data from Japanese supermarkets to clarify consumers’ responses to price changes. Qualitatively, it is apparent that people will rush to purchase discounted products; here, we quantitatively observe the functional relationship between the rate of price discount and the rate of sales number increase. 2. The relationship between price and the number of sales We analyze the POS data provided by Nikkei Digital Media Inc. collected from 384 Japanese supermarkets from March 1988 to May 2009. This data comprises approximately 4.2 billion records, each consisting of 5 numbers; the JAN (Japanese Article Number) code identifies the product name, the store code, the date, the total of gross sales, and the number of sales for this product sold in this store on this day. The total number of products specified by the JAN code is approximately 1.6 million. In addition to this POS data, an additional data set comprising the number of customers per day in each store together with the store’s name and address was analyzed. This POS data covers comprehensive information about all commercial products having JAN codes, which were sold at one of the 384 supermarkets. It should be noted that this data does not contain information about products without JAN codes, for example, fresh foods such as vegetables, meat, and fish are excluded. All the products are classified into two broad categories—food and toiletries. There are 213 sub-categories such as milk, instant cup noodles, and shampoo. From this data set, we define the variables as follows: the number of sales of product i at store j on the tth day, sij (t ); the gross sales of product i at store j on the tth day, gij (t ); and the number of customers at store j on the tth day, cj (t ). As there is no direct information about the price of each product in the data, we define the price of product i at store j on the tth day by pij (t ) = gij (t )/sij (t ). Fig. 1 shows an example of a set of time series of pij (t ), sij (t ), and cj (t ) for product i = 1 (this is a popular instant cup noodles product) at store j = 1 for 3 months from April 1, 1999 onwards. As is evident in this figure, store 1 sold product 1 at approximately 143 yen with the number of sales around 10. Sometimes, there were bargain sales at a price of around 88 yen, when the number of sales peaked to about 1000, that is, about 100 times the regular price. There are cases when the store was closed, and there is no record of the store on those days; the plots of such days are missing. In order to estimate a quantitative relationship between the price and sales numbers, we introduce two quantities—the rate of sales numbers of product i at store j on the tth day, Sij (t ), and the price rate, Pij (t ). Sij (t ) = Pij (t ) =



sij (t + 1)



(1)



sij (t ) pij (t + 1) pij (t )



.



(2)
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Fig. 2. Time series of Sij (t ) (circle) and Pij (t ) (black-lozenge) in log scale; i = 1; the product is a popular instant cup noodles; j = 1 from April 1, 1999 to June 30, 1999.



Fig. 3. Time series of pij (t ) of 3 different stores; i = 1; the product is a popular instant cup noodles; j = 1 (upper), 2 (middle), 3 (lower) from January 1, 1999 to January 1, 2002.



Fig. 2 shows the relationship between Sij (t ) and Pij (t ) of product 1 at store 1 for the same period as in Fig. 1, with the vertical axis being plotted in log scale. As mentioned in Fig. 1, when Pij (t ) is around 0.62 (=88/143), the value of Sij (t ) is around 100. Before and after the day of bargain sales, the number of sales reaches a normal level, and Sij (t ) takes a value of about 0.01. In a Japanese supermarket, the price of each product is determined on the basis of the chain store’s strategy. Fig. 3 shows the time series of pij (t ) of product 1 at 3 different chain stores from January 1, 1999 to January 1, 2002. It is obvious that the 3 stores had priced the identical product, i = 1, on the basis of quite different strategies. There is a possibility that a different price strategy may elicit different responses from consumers. In order to check the dependence on price strategy, we analyze the relationship between Sij (t ) and Pij (t ) for 3 chain stores-chain-1, chain-2, and chain-3. The first two had 18 stores each, while chain-3 had 19 stores, during the observation period, that is, from January 1, 1999 to January 1, 2002. We confirmed that the price time series for the stores belonging to the same chain were always almost identical. There are cases wherein the values of pij (t ) are not positive integers, which can occur if price of a product is changed during working hours. We neglect such cases to avoid unobservable confusion and consider only the situation in which the values of pij (t ) are positive integers. In the following analysis, we restrict ourselves to the cases where all 6 quantities, sij (t ), pij (t ), cj (t ), sij (t + 1), pij (t + 1), cj (t + 1) are positive integers. Now, we consider the relationship between Sij (t ) and Pij (t ) for each chain store as plotted in Fig. 4. In this plot, the horizontal axis of the price rate Pij (t ) is divided into bins of the same size in log scale (0.06), the range of log10 Pij (t ) is from −0.48 to 0.48 and a geometric average is taken over in each bin. Here, the geometric mean values in the kth bin, ⟨Si ⟩dk and
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Fig. 4. The relationship between ⟨Pi ⟩dk and ⟨Si ⟩dk ; the product is a popular instant cup noodles; j is taken over all stores, which belong to either (a) chain-1 or (b) chain-2 or (c) chain-3. The dotted lines show the best-fit functions, approximated by Eq. (5) with the exponent αi is 7.0.



⟨Pi ⟩dk , are defined by the following equations: 1/N (i,d,k)



 ⟨Si ⟩dk =



∏∏



Sij (t )|d.k



1/N (i,d,k)



 ⟨Pi ⟩dk =



(3)



t



j



∏∏ j



Pij (t )|d.k



(4)



t



where the multiplication with respect to j is taken over in all chain stores, and the multiplication with respect to t is taken for the observation period from January 1, 1999 to January 1, 2002, and where N (i, d, k) is the number of data samples in kth bin of product i and chain-d. We apply the geometric average here because the quantities we are observing are rates, and their fluctuation is so large that an ordinary mean value is affected by a few outliers. In Fig. 4, we can confirm that the relationship between ⟨Si ⟩dk and ⟨Pi ⟩dk in the log–log scale are linear in this plot for each chain store. The plots with filled circles denote that there are 10 points or more in the bin. The dotted lines show the best-fit functions, which are approximated by Eq. (5) with the exponent αi is 7.0. Here, αi is the exponent for product i. −α



⟨Si ⟩dk = ⟨Pi ⟩dk i .



(5)



This relationship between Sij (t ) and Pij (t ) is called the price elasticity for the number of sales in the field of economics and marketing science [17]. The estimated value of exponents αi is around 7.0. Taking into account the estimation error level, we consider that these values are identical although the price strategies are quite different. As for product 1, the relationship between ⟨Si ⟩dk and ⟨Pi ⟩dk does not change greatly depending on the chain stores. There is an exceptional point marked by a dotted circle in Fig. 4(b), which clearly deviates from the power law. A possible reason for this deviation is the sold out factor; namely, the number of products prepared by the store was much less compared to the demand of the consumers. Next, we observe the probability density function of Sij (t ) for 4 typical bins as shown in Fig. 5 with the horizontal axis Sij (t ) in log scale; the 6th price bin (−0.18 ≤ log10 Pij (t ) < −0.12), the 8th price bin (−0.06 ≤ log10 Pij (t ) < 0.00), the 9th price bin (0.00 < log10 Pij (t ) < 0.06), and the 11th price bin (0.12 ≤ log10 Pij (t ) < 0.18). These plots are histograms accumulated for the chain stores 1–3, and the plot is given by dividing the range of Sij (t ) into 26 bins with the same log scale size. The solid lines are the observed probability densities of Sij (t ). The dotted lines are theoretical curves given by log-normal probability density functions having the same average and standard deviation. In all cases, the log-normal distributions make good approximation. In Fig. 6, we demonstrate further examples of the sales–price relation plot in Fig. 4 applied to 3 more products — Fig. 6(a) for product 2 (fermented soybeans), Fig. 6(b) for product 3 (yogurt), Fig. 6(c) for product 4 (soy sauce). In each figure, sales–price relations are estimated for the 3 chain stores in the same period as in the case of product 1. In all the cases, the relationship between ⟨Si ⟩dk and ⟨Pi ⟩dk is roughly approximated by power laws. To be precise, we find deviations from the power laws for large and small price rates just as in the case of product 1; however, the sample numbers are less than 10 for all those exceptions. After neglecting such small sample points, the estimated values of exponents are found to be roughly independent of chain stores; however, there is a clear dependence on the type of product. From these figures, the value of αi of product 2 (fermented soybeans) is about 2.5, that of product 3 (yogurt) is around 4.5, and that of product 4 (soy sauce) is about 6.0. We confirmed that similar power law relations hold for many other products.
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Fig. 5. Probability density function of Sij (t ); i = 1; the product is a popular instant cup noodles; 55 stores, which belong to either chain-1 or chain-2 or chain-3 are included; the values of price rates are (a) −0.18 ≤ log10 Pij (t ) < −0.12, (b) −0.06 ≤ log10 Pij (t ) < 0.00, (c) 0.00 < log10 Pij (t ) < 0.06, (d) 0.12 ≤ log10 Pij (t ) < 0.18. The solid lines are the observed probability densities of Sij (t ). The dotted lines are theoretical curves given by log-normal probability density functions having the same average and standard deviation.



Fig. 6. The relationship between ⟨Si ⟩dk and ⟨Pi ⟩dk for various products; (a) fermented soybeans (αi = 2.5), (b) yogurt (αi = 4.5), and (c) soy sauce (αi = 6.0) for the store chains 1–3; The data points with less than 10 samples are plotted by white circles. The dotted lines show the theoretical fitting assuming power law relations independent of the store chains.
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3. Discussion By analyzing the POS data, we quantitatively observed massive human reactions against price change and found that the relationship between sales increase and price decrease is generally approximated by a power law as expected in economics. It is found that the exponent of power law shows little dependence on the difference of stores; however, it clearly depends on the type of product. The estimated values of exponents range from 2 to 7, implying that the human response is always highly nonlinear. There is a tendency that foods, which can be kept for a long time, tend to have a higher exponential value. Also, there are products, which are rarely sold with bargain prices, and it is difficult to estimate power law relations for such cases. We are now processing a comprehensive survey study to clarify the relationship between the exponent value and products. We also discovered that the rate of sales numbers is generally approximated by a log-normal distribution. As Shockley pointed out in the explanation for the publication of scientific papers [4], a log-normal distribution is realized when the process is governed by a multiplication of independent random factors. Following his idea, we can consider our results in the following manner: the probability that a consumer will buy product i at store j on the tth day, hij (t ), can be expressed by a multiplication of many factors; (i) the probability of going shopping on the day, hij1 (t ), which might be affected by the weather; (ii) the probability of choosing store j among many other stores, hij2 (t ), which might be affected by the information about other stores’ bargain sales; (iii) the probability of choosing product i from many similar products, hij3 (t ), in this case, price changes may play an important role, and so on. We assume that sij (t ) = M ∗ hij (t ), where M denotes the number of inhabitants around store j, then the rate of sales numbers is given by the following relationship. Sij (t ) =



=



sij (t + 1)



=



sij (t ) hij1 (t + 1)



∗



M ∗ hij (t + 1) M ∗ hij (t ) hij2 (t + 1) hij3 (t + 1)



∗



hij1 (t ) hij2 (t ) hij3 (t ) = uij1 (t ) ∗ uij2 (t ) ∗ uij3 (t ) ∗ · · · ∗ uijn (t )



∗ ··· ∗



hijn (t + 1) hijn (t )



log Sij (t ) = log uij1 (t ) + log uij2 (t ) + log uij3 (t ) + · · · + log uijn (t )



(6)



where uijn (t ) = hijn (t + 1)/hijn (t ) denotes the rate of the nth factor. In the case that these factors are independent, the distribution of Sij (t ) tends to converge to a log-normal distribution owing to the central limit theorem. The results shown in this paper are the very basic first step toward the establishment of human activities in purchasing commodities. The power law responses against price changes can directly be applied in practical sales; for example, we can find the best bargain price in the case where we need to sell a certain number of products as we can determine the distribution of sales numbers as a function of the bargain price by using our empirical power law relation. Acknowledgements The authors appreciate the corporation of ‘‘Nikkei Digital Media Inc.’’ for providing the POS data. This work is partly supported by the Research Fellowships of the Japan Society for the Promotion of Science for young scientist (H.U.), and Japan Society for the Promotion of Science, Grant-in-Aid for Scientific Research No. 22656025 (M.T.). We would like to thank Prof. Hiroshi Yoshikawa for the many discussions of this work. References [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17]
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Scan ID Short Desc Cat UPC Orig. Box Price Approx Retail Cost/Price ... 

356493 NINTENDO RVL A WRBA USZ WII REMOTE PLUS BLUEGame Controllers 045496890605 Y. $6.41. $39.16. 356605 ... Software Service & Support.
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Scan ID Short Desc Cat UPC Orig. Box Price Approx Retail Cost/Price ... 

374329 WIRELESS GEAR 4RS825 CHARGER FOR SAMSUNG LG NOKIA IPHONE ..... $19.80. 375780 ACTIVISION XBOX 360 CALL OF DUTY BLACK OPS.
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